
TECSNICAL NOTES 

XATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

----- 

x0. 748 

t 

BXXCIPLES, PRACTIC3, ABD PROGRESS OF 

XOISE RZDUCTION IX AIRPLA'rSES 

By Albert London 
Xational 3ureau of Standards 

Vashinqtan 
January 1940 - ..f 

. 



CONTENTS 

i 

Y 

I. Introduction . . . . . . . . . . . 

II. The Nature of Sound and Hearing . 

III. Sources of Noise in Aircraft . 

A. Propeller Noise . . . . . 

a. Exhaust and Xnqine Woise . 

C. Aerodynamic and Ventilatins 

D. Secondary Noise Sources . . 

IV. Soundproofing the Airplane . . 

a. The Noise-Reductioc Factor 

a. Sound Absorption . . . . . 

cf. Sound Insulation . . . . . 

D. Soundproofing Procedures . 

SiblioGraphy . i . . . . . , . . . 

? * 

. , 

. . 

. . . . . 

. . . . . 

. . . . . 

. . . . . 

. . . . . 

Noise .... 

....... 

....... 

....... 

....... 

....... 

....... 

....... 

PaE;e 

1 

1 

14 

15 

19 

21 

24 

26 

26 

31 

39 

46 

53 



XATIONAL ADVISORY COMXITTEE FOR AEROBAUTICS . . . . ----- 

TECHNICAL NOTE.BO. 748 

PRINGIPLFS: PIIAGTICE, ABD PROGRESS OF 

??OISE REDUCTION IX AIRPLAXFS 

Ry Albert London 

I. INTRODUCTION , 

A decade aso, the air traveler's only protection agains? 
the deafening din of noise was tie cotton plug yr9ich he 
could insert in his ear. Hothin< speaks more eloquently for 
the progress which has been achieved in quieting the air- 
plane than the fact that in night travel on certain air 
lizles, passengers must be cautioned to speak quietly in 
order that those asleep be not disturbed. 

This transition from llcotton plu<l' to :'Quief, please," 
has only been possible of attainment by a full application 
or' the principles of acoustics. The investi<ators in t'nis 
field have had to consider many and divers topics. To 
name a fern: What are the principal sources of noise in 
the airplane, and hoa may they be reduced or eliminated? 
Han may fve measure noise? What is the relationship botnecn 
the purely physical attri3utes of noise and the physi'olo<- 
ical reaction of the ear,to t;lis.stimulus? Herr zay the 
filtration of noise into the airplane cabin %e reduced 
by proper attention to constructional details, .ynd horn can 
this 'oe accomplishad with a minimum of ?reizht? Ibat spste- 
matic procedure should be used in carrFi.nS out t5is quiat- 
inq process? 

It is t!+e purpose of t3is paper to review the body of 
knowledge mhich 3a.s been accumulated in t:?is field. Sge- 
cinl attention will be paid to effective soundproofins 
s'chenes, and all tl?e data available in the -pubLished liter- 
2ture on this subject :rill be given, 

II. TRE BATURE OF SOTJXD AND S3BRIZG 

liost of us are famili.ar rcith the fact that cbenover 
ve 'hear n sound, we usually find that the source is a vi- 
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bratiny body of some kind. Fhen the body is set in motion, 
t21e layer of air next to it takes on an exactly similar 
motion. This disturbance is then handed on from one layer 
of air particles to the next-, until it ultimately reaches 
the ear. 

An exactly similar process occurs when a stone is 
thrown into mater. Here, there is visual evidence of a 
wave tr'aveling outward f.rom the center of the splash. 
However, to make our analogy agree more closely mith what 
is actually happeninq in a sound nave, ,we should have to 
contrive, in some may, to have a number of crests emitted 
from the center of the disturbance periodically. Perhaps 
we :ni<ht have a large number of stones and drop them in 
the rester at the rate of, say, one a second. Then, every 
second a new crest would travel outward and the wave could 
be said to have a "frequency" of one crest per second. 
The distance between two adjacent crests is known as the 
wave 1encSth and, evidently, in this case it is equal to 
the distance the mave'travels in one second. In qeneral, 
for any Rave notion, the following relation is true: 

. 

Velocity of mave,motion = frequency x wave length 

In the simple sound source, the tuninq fork, an analo- 
gous Phenomenon takes place. Here the vibration of tho 
prongs of the fork causes a wave motion in the air which 
is perceived as a sound by the oar. The frequencp,of the 
sound nave is equal to the number of vibrations nhihh the 
prongs of the fork make per second, and is said to be so 
many cycles per second. If the fork vibrates a larqe num- 
ber of times per second, we say its pitch is hich; if only 
t3 fern, its pitch is low. Thus, the highest note a stand- 
ard piano produces is about 4,600 cycles per second, where- 
as, the lowest is about 30 cycles per second. ' 

The tunine; fork is a simple source of sound, only one 
frequency corresponding to ,5ts motion. There exist more 
complex sources, in which several frequencies are present. 
Thus; if two keys on a piano be struck, the air particles 
must vibrate as a result of both frequencies. 1mae;ine hon 
complex must be the dance of the air particles under the 
influence of a symphony orchestra where- numerous frequen- 
cies from 30 to 10,000 cycles per second are present. In 
the more complex sound sources three typas of frequency 
distributions are evident: 1) The frequency spectrum has 
oply a discrete number of frequencies present; 2) a con- 
tinuous distribution of freouencies is prosent; 3 > a com- 
bination of 1) and 2) consisting of both a continuous and 
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d h discrete frequency spectrum. NO~iSO usually contrtine a 
large number of fre'quencios, .hnqiqg a spectrum which may 
fall under any one of these three ola.sses, 

There are many mays in which the investigator may an- 
alyze different sounds to find the constituent frequencies. 
Xost of the methods in general use operate on a selective 
tuning principle, in which th'e instrument response is a 

. maximum at one definite frequency. 'To cover a wide range 
of notes, the frequency of maximum response is made vari- 
able in a prescribed fashion so that the frequencies pras- 
cnt in the &nalgze'd sound may be readily determined from 
the setting of the instrument. For example, one commer- 
cial form of this type of device, the wave analyzer, has 
as its essential element's crystal which vi.11 respond to 
one frequency only, say 50,000 cycles per second. Ifa . 
sound wave of 10,000 cycles per sscond is picked up by a 
microphone, and the electrical current so generated is am- 
Flified, and then sassed through the analyzer,'it is SOS- 
sibla to,qet a response only by somehow stepping uF the 
10,090-cycle note to. 50,000.! To do this, the instrument 
is provided Fith an oscillator ,lThich can generate a wave 
of any frequency desired. Zy the well-known heterodyne 
effects, if a frequency of 43,030 cycles per second be corn- 
bined rrrith a frequency of 10,900 cycles aer second in the 
proper-way, we Set as a result, the sum and differ'ence of 
the two frequencies, i.e., 33,300 and 50,300 cycles ?er 
second., The 30,000 note may be suppressed and the 59,000 
note $a.ssed through the crystal filter. The dial, which 
controls the frequency of tho local oscillator, may be. 
calibrated to read lO,OGO cycles per second directly. 

There is another ty?e of analyzer commonly in use, in 
:?hich an electrical circuit is used which will pass a 
given band of frequencies only. For example, it may pass 
all the frequencies in the octave between 512'and 1,924 
cycles per second and reject all others. This type of de- 
vice is knolyn as a band-yass filter. 9y having a number 
of these band-pass filters, a frequency analysis to cover 
any desired range map be obtained. 

Any sound, in addition to having some definite fre- 
quency spectrum associated ITith it;, Dossesses one other 
important physical attribute, namely, intensity. To re- 
turn to our tuning fork, if the srongs be tapped harder, 
more energy mill be imparted to the vibrational motion,, 
and the excursions of the prong from its rest position 
will be larger. -It can be.readily shown that the energy 
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associated with the motion of the fork is proportional to 
the square of itsamplitude (the maximum displacement from 
the equilibrium position). A larger amplitude is imparted 
to the air particles, which, since they have a motion sim- 
ilar to that of the.fork, therefore have an energy also 

&proportional to the square of their amplitude. The maxi- 
mum velocity of the air particles and the maximum pressure 
built up ln the sound WaV8 may both be shown to be propor- 
tional to the amplitude, so that the energy in a sound 
wave depends on the square of the-particle velocity or of 
the prer'suro of the wave. 13~ the term nintensity,'t me 
mean the total amount of sound enersy which flows throu<h 
unit area normal to the direction of propagation of the 
wcvo in one second. The units of intensity are, thorc- 
fore, watts oer square centimeter. Rowever, to sxpress 
sound intensities or energies, almost exclusive use is 
made of the dgcibel scale. 

The decibel scale first came into use in telephony 
and electrical communications work, where it was desired 
to have a convenient way to express the ratio of two dif- 
ferent values of such electrical quantities as current, 
voltaqe, or Power. The deCibe1 df.fference between two 

sowers, Pl and P3 , is defined as lo ( 
Pl '\ 

lo%0 jgj' Since 

the power developed in a resistance Xl 9 by a current I,, 

is P, = Ila R,, 0; by a voltage Tr, is P, V13 = -I--, we 
Rl 

have: 

Decibel difference between P1 and Ps = 

= lo 10e;10 K- Pi)’ = 10 log 1o (3=&q = 10 lOQ, (p, (1) 

If R, happens to be equal to R,, we have: 

a 
Decibel difference = 10 log,o 

= 20 loqo 
11 ( ’ g/ 

= 20 i0q,O + 
( > 

(2) 
3 

Thus, in sound measurements, the decibel difference between 

two s0unds.i~ qiven by where El and Es 
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are the energies of the respective waves. Since the ener- 
<y in a sound ware is urooortional to the square of the 
sound pressure or gart?.ole velocity, we have,: 

13 lo%,, El = 20 
Pl 

3; lOC,o-Bn = 20 log 2 (3) 

Inhere ,p and v represent sound pressure and particle 
velocity-. ' 

The decibel scale has several advantaees which, hom- 
ever, no can more intelli%entlg discuss after me have con- 
sidered some of the.phenomena +ssociate& mith h8aSing. : . 

The ear is a remarkably sensitive.mechanism. At the 
lorer limit of audibility.(for the frepuency of maximum 
sensitivity) it is possible for the ear to detect a motion 
of ai.r particles which have cn amtglitude of only one- ,' 
billionth of a centimeter (1'7'" cm>. If one remembers 
that molecular dimensions ar,e of the order of ma$nitudc of 
12 times as much, i.e., 1'3" centimeter, it becomes evi- 
dent horn extraordinarily sessitive the ear is. On the 
other hand, at the uoner limit (for this same frequency of -- 
maximum sensitivity), sounds about one million million 
times as intense can be heard. The ear has a range there- 
fore of.about 10L2 in energy* In decibels this range can 
be exuressed as 10 lee;,, lGia, which is 123 decibels. 
That is, the sound level at the upper limit of audibility 
is 12:" decibels above the sound level at the threshold of 
audibility. The decibel scale is, therefore, a compressed 
scale telescoping a ratio of 1 to 101c in ener.-;y into 0 to 
123.decibels. 

Since a sound level in decibels really states how 
much more intense one sound is as compared mith another, 
it i? always necessary to know That the intensity of the 
reference sound is. The standard reference level has been 
delined by the American Standards Association as the inten- 
sity of lo-l6 watts per square centimeter. This corre- 

. sgands to a root-mean-square pressure of O‘.GGG.2 dynes per 
L square cestime-ter in a plane progressive sound wave.* 

-s---e- -- -_-- _____- -----;-A---- * Other reference levels have been in use prior to.the ado?- * 
tion of this standard. Ore common level in use,'especial-' 
1-r ,I in -airglane.noise measurements, has been the intensity 
of a wave having a root-mean-square p.ressure of 0.931 dyne 
:er sq.uare centimeter (1 millibar). Readinqs in decibels 
with this latter reference level are 13.8 db loner than 
those referred to the standard reference level. In this 
pas:; all levels, unless otherwise stated, are referred to 
13 matts per sq: cm. 
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With this as a referepce level, figure 1 gives some idea t 
of the relation between the decibel scale and the sensa- 
tion perceived by: the. ear. 

Of more immediate interest for our purpose, is*the 
rancTe of levels found in moving vehicles. Table I, tvhich 
has been adapted from Zand (reference 32), gives the lev- 
els to be found in different types of transportation plus 
the associated subjective measure of the degree of com- 
fort experienced, 

The decibel scale is strictly a physical scale for 
intensity measurements. However, of primary interest is 
the sensation which is perceived by the ear as a result of 
the physical stimulus. The psychological reaction of the 
individual varies from person to person, so that in order 
to formulate the relationship existing between the physi-. 
cal'stimulus and psycholoqical sensation, it is necessary 
to investigate a larqe number of ears before any conclu- 
sions may be ascertained about the averase ‘ear. 

It is found in this way khat the sensation is a rath- 
er complex function of the intensity and frequency. Xor 
example, it 788s desired to ascertain when two different 
notes sounded equally loud to an observer. To do this, 
sounds of tmo frequencies were compared. One had a fre- 
c.uency of 1,OO.O cycles per second, and the observer was 
allowed to change the intensity of the other frequency und 
til both notes were equally loud. Proceeding in this man- 
ner, a large number of different tones could be matched in 
loudness to the standard reference tone of 1,OOO cycles. 
Figure 2, mhich is the result of the work of Fletcher and 
Kunson (reference 2), $ives the result of such measure- 
ments. 

These curves have the following meaning: If n 8 s e - 
lect one of th,e contours, s,ay that numered 50, then all. 
points on it represent notes ,mhich are equally loud. 
Thus, a LOO-cycle note of 67-decibel intensity level, 
sounds as loud as a 1,000-cycle note of 50-decibel inten- 
sit*, or a 7,000-cycle note of about 60-decibel intensity. 
The lorrest curve is the threshold of hearing. It Kives 
the intensity level at mhich the average normal ear can 
just hear, at all the frequencies from about 25 to 15,000 
cycles per second. The uppermost curve .is the upper lim- 
it to hearing, the so-called "threshold of feeling." Phe- 
nomenologically, it is found that with sounds of this in- 
tensity, the sound is not only heard but there is also an 

*At end of report, ' 

t 



Y additional sensation-of llfeelinc.'l The actual sensation 
varies rpith frequency. At the lamer,frequencies a feeling 
of,vibration is experienced, while at the hisher frequen- 
cies, the feeling fs one,of pain. .Thus, the area includ- 
ed between th.e two extreme contours gives the reqion'over 
which audition is,possible. 

. 

c 

The intensity level of zero decibels is set to coin-- 
tide approximately with the threshold of hearinq at.1,000 
cycles. It will be.noticed, hoeever; that the ear is most 
sensitive at about 3,500 cycles. The numbers on the con& 
tours are numerically equal to the intensity level of the 
l,QOO-cycle note to which all notes on this-contour are 
equated in loudness, and are known as loudness levels. 

. Since a lo-udness level is not a strictly physical quantity, 
but rather a measure of the sensation recorded by the ear., 
it, becomes inappropriate to use the decibel as the:unit of 
loudness level. For this usage, the term IIghon". has been' 
accepted. Bornever, it' will be found fn the,literaturs 
that decibels are still sometimes used interchangeably with 
phons. For examgle, if a sound has a loudness level of 70 
phons, it is equal in loudness to a lgOOO-cycle note'of 
7%decibel intensity. Hence the loudness level is said to 
be 70 .decibels. 

There are several other important features about the 
contours which should be _aofnted o.ut. From about 500 ck- 
cles and up, the contours are approximately equally dis- 
place6 from'one another, a lo-decibel increase in intensity 
corresgonding to a 10-phon increase in loudness level. 
This is,not so for the lower freoSuencies,..as the curves 
crowd together at the lower end. Thus, a small drop in 
intensity means a much larger drop in loudness. For ex- 
ample, if ee have a 100~cycle tone with a level of 19c) 
decibels, and ne drop the level by 62 decibels, the sound 
just becomes inaudible, lvhereas a'62-decibel drop in 3 
l,fIOO-cycle note would still be plainly audfble, having a 
loudness level of 38 phons. 

This phenomenon has fortunate consequences in the 
sound insulation of airplane cabins. The largest contri- 
bution to airplane noise is made by the low frequencies;' 
furthermore, the lam frequencies are the most difficult to 
reduce in intensity. Thus, the e&r comes to the rescue, 
inasmuch as it mil.lingly accepts a much lower enerc;y dim- 

* inution Zn the low frequencies than it ~511 fn the hither 
frequencies. Ve shall refer-again tb thi's point vien me. 
4iscuss'sound insu1atio.n. 
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.The loudness level contours may be plotted in a dif- 
ferent way mith frequency as the parameter. Such a rep" 
resentation is fiqure 3 (reference 2). These curves qive 
the loudness level versus the intensity level, each curve 
beinq valid for the frequen'cy given on the curve. It mill 
be noted that for a large range"of.frequencies, from about 
300 to 4,000 cycles ,per second, tha loudness level is a?- 
proximately proportional to the intensi'ty level, and fur- 
thermore, they are both very roughly equal to each other 
to within ordinary ensineering accuracy. At the lower 
frequencies, the proportionality between loudness level 
and intensity level is true only for a limited ranze of 
loudness levels. . 

The question which arises next', is that of measurinq 
these twin quantities, decibels and phons. Just what in- 
strumental means are available for a quantitative sFecifi- 
cation of the amount of noise present? To answer this 
purpose, there has appeared in recent years the sound lev- 
el meter. 

This device consists essentially of 'a microphone with 
an associate electrical circuit containing an amplifier, 
attenuator, and meter, The latter is calibrated to read 
decibels directly and usually covers a range of about 15 
decibels. Intensities over a range from about 30 to 130 
decibels may be measured by adjustin the attenuator dfals. 

In designing this type of instrument, particular at- 
j tention is paid to what is called the response frequency 

characteristic;i.e., the response of the meter to differ- 
ent frequencies, For measurinq intensity levels, it is 
essential that sounds of different frequencies but of the 
same intensity, should give the same readfnq. If the me- 
ter has this property, it has a ffflat'f frequency response. 
In the case where the characteristic is not flat, a noise 
measurement mill~emphnsize certain frequencies at the ex- 
pense of pthers. 

However, this is exactly what is desired in measuring 
loudness levels. Since the ear discriminates against some 
frequencies, the meter should do likewise in order to meas- 
ure the earls sensation. An attempt is therefore made to 
incorporate in sound-leve.1 meters a response-frequency 
characteristic similar to that of the ear.. Three differ- 
ent characteristics. are usually provided.- a flat response 
and two which simulate the ear's at 70 and.40 phons. Fig- 
ure 4 %ives the design objective which has been set for 



c 

l 

X.A.C.A. Technical Hate No. 74.8 9 

l these c;eters by the American Standards Association. The 
curves as drawn here are directly comDars3le to the con- 
tours of figure 2 for the loudness ,levels of 70 and 40 
phons.* To be more specific, the 70-decibel network curve 
gives the in,tensity level of tones of different fr.equen- 
ties which would e;ive the.same reading on 'the meter as a 
l,OOO-cycle tone. For example, a tone of 60 cycles is 
discriminated aqainst to the extent of 10 decibels on the 
7%decibel network, and 26 decibels on the $&decibel net- 
pork ; if it has an intensity of 75 decibels, it will read 
65 decibels, on the 70-decibel network and 49 decibels on 
the 40-decibel network. To set the'se three different 
characteristics, specially designed electrical circuits 
are Frovided. At the flip of a switch, any of these 
three networks, may be .introduced. It is recognized that 
the incorporation of only t’nree networks is a compromise 
necessitated 3y the difficulty and e-ense of simulating 
the oaris response at all loudness le.vels. For this rea- 
son the meter performance is only an a?proxination to .. 
what tLe ear hears. In addition, there are certain tol- 
erances Dermitted in designing the netmorks, so that very 
often the frequency response of the instrument is such 
that errors are introduccd*in the aoasurements. The saund- 
level meter, 3efore beine; gut into use, should alnags 3e 
calibrated so as to determine the extent of asreement with 
the design objective. Bith reference to the use of the 
various networks in the sound-level meter, the "A.I.E.E. 
m lest Code for Apparatus Xoiso Measurement" recommends that 
the 4:3-decibel network 'Ibe used for usual apparatus noise 
medsurenents," the flat network "for very hi,"h intensi- 
ties where lam frequency noise is predominant" and that 
the 71)-decibel network 'Ibe used only in special cases.tl 

It should be mentioned that Davis (reference 1) h-as 
recently stated that the Ameri'can sound-level meter does 
not sive the correct value for the equivalent loudness of 
a noise consistin< of a series of impulses or having con- 
siderable intermittency, the reading being too lam. In 
accordance with his findings, Davis has constructed a se- 
ter which gives results in ayre'ement with aural obser'va- 
tions on this ty?a 0-f -noise. --- v-w---- ----------e-- 
"There are certain inherent differences between the ear 

0 and a nicrophone as a sound-measuring device. Hence, the \r curves of.fiqure 4 are necessarily slishtly different from 
those of figure 2. Thes'e corrections are introduced to 

r take care.of the differonce betaeen the conditions under- 
which the ear response was obtained as compared to the con- 
6itio2s under p%ich noise measurements are usually taken. -- 

.- 
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In .many noise-maasuroments, there. frequently occurs 
the case in whfch t'here are several component frequencies, 
one of which is predom2nantly loud. The reading obtained 
mill be practically the same as if the quketer tones Jvere 
missinq, Consider 'a simple numerical example; there are 
two sound sources - one' emits a note of 'intensity 80 deci- 
bels, the other 60 decibels. 

31 
El = 80 db 7.10 logro z;; or EL = lo* E, 

22 
E2 = 60 db.=-10 log,, 7 or Es = 10' Eo 
dO 

Corresponding to the reading of 80 deci.bels, the en- 
era El is 100 million tim.es the energy at the reference 
level of zero db, E,;. and corresponding to 60 decibels, 
E3 is 1 million times as qreat as E,. 'i7hen the two notes 
are sounded simultaneously, the reading mill be RI, where 

Rl2 
El + E2 = 13 log1o ---- = 

Eo 
10 10~(108+10e) = 80.04 db 

which is sensibly the same as 80 decibels. 

Proaeedfnq in this way, we can formulate the follom- 
inq table, in which the two individual levels are Rr ax d 
R,, and when heard together, are R12: 

--- 

80.0 I 83.3 85.0 

A convenient rule for calculatfons accurate to within 
1 decibel is the following: If 

?l - R2 .ia breaker than 9 db, then Rro = Rr 

Rl - R2 lies between 9 and 4 db, th,en Rx2 = R1 f 1 

-5, - R2 'I II 4 and 1 db, then Bra = Rr + 2 

R, - X2 
11 It 1 and 0 db, then R12 = R1 + 3 

. 

t 
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arom these calculations me see that a reduction in 
noise level can be obtained only by first. seducing the 
noise due to the loudest source. Eliminating Sources mhich 
are of lesser intensity will cause only a slight decrease 
in level. 

Of course, from the standpoint of noise reduction, 
the important question to consider is to tihat extent a 
diminution of 1 or 2 ,decibels is perceived by the ear. As 
a matter of fact, a ve.ry rough statement of the ear's sen- 
sitivity to slight differences in intensity is that it can 
just perceive a difference of about. 1 decibel. This dif- 
ferential sensitivity to intensity varies with both fre- 
quency and intensity. For example, at, a level of about 
83 decibels above the threshold of hearing, the ear can 
just detect changes of about l/2 decibel through a fre- 
quency rahqe of about 2,900 to 8,000 cycles; at 5 decibels 
above thrsshold, the level must be changed by about 4 deci- 
bels before it can be detected. At the 10~ frequencies the 
differences,.must be mu& larger. Thus, at 50 cycles, the 
differential sensitivity is about .8 decibels nhen the orig- 
inal level is only 5 decibels above threshold: from'40 to 
80.decibels.abova threshold the ear is sensitive to chanses 
of 1 decibel or less. 

. 

The loqical question to pose now is this: To nhat 
extent is the loudness ,reduced when re'ductions of 1 or 2 
decibels occur? The ansmor may be obtained from figure 5 
nhich is a result of a determination of an absolute scale 
of loudness by Fletcher and Munson (reference 3). In this 
ex'periment observers were asked to judge the relative loud- 
ness of two sounds; for example, when one sound was twice 
as loud as another, In this way,,the relationship between . . 
loudness and loudness level was derived. Thus, if there 
is a reduction in loudness level of 20 phone from an orig- 
inal loudness level of 40 phons, figure 5 shows that the 
loudness chanses from about 1,000 to 100 loudness units, 
or 'a reduction in loudness of 90 percent has‘occurred. 
Continuing in this way, 
slotted (reference 6). 

the curves of figure 6 may be 
From this figure we see that a re- 

duction of 2 phons corresponds to a loudness reduction of 
about 15 percent. Small changes in loudness level produce 
a much larqer chanqe in the sensation of loudness. Thus, 
in any attempt at noise reduction, possible minor altera- 
tions, which produce but small reductions in level, should 
not be overlooked. 
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It is a matter of common experience that it is diffi- 
cult to hear in a noisy environment. In table I, the rela- 
tionship between t'he abilitg to carry on con%ersation and 
the noise level in various vehicles has been given. These 
experimental results are closely related to the auditory 
phenomenon of masking. If the threshold of hearing of an 
observer be measured in the presence of an extraneous 
noise having a uniform distribution of energy among a fre- 
quency spectrum which includes all audible frequencies, 
it will be found that his threshold is'raised. The test 
tone must be made louder in order for,him to hear it. Fig- 
ure 7 summarizes the 'data for the masking effect of this 
type of noise '(Fletcher and Nunson, reference 3). It qives 
the maskinq in decib'els, i.e., the amount the,threshold at 
various frequencies is raised, when various masking noise 
levels (the numbers OR the curves) a're used. For example, 
if the noise level is 79 decibels, it raises the thresh- 
old for frequencies from about 300 to 10,000 cycles, about 
52 decibels. 

A pure tone may also produce a masking effact. It is 
found that, tones of loner frequencies mask those of higher 
frequencies more readily than vice versa. However, a low 
frequency mill not mask a much hiqher frequency in cases 
nhere the intansity of the masking tone is small. Further- 
more, the masking tone may mask a lowe'r pitched note if it 
is not too far r.emoved in frequency. In the noise of air- 
craft, the lower 'frequencies predominate..and are very loud. 
Hence, speech mhich contains frequencies .fro:m &bout 120 to 
8,O'JO cycles is readily masked, especially those components 
which are'most important for understandinp, f;e., those be- 
tween 500 and 5,000 cycles ger second. The German aeronau- 
tic research qrou?, the D.V.L., once measured the intelli- 
qibility of sueech before and after trektment of a cshia 
(reference 30). The intalligibility increased from 6.5 per- 
cent in the bare cabin to 78 percent in the treated cabin. 

In the early days of noise measurements, use mas made 
of the masking'effect to measure noise levels. By means 
of an instrument tvhich measures auditory acuity, the audiom- 
eter, the threshold of hearinS; of the observer was meas,zred 
in a quiet place, These threshold measurements were then 
repeated in the neighborhood of the noise source and the 
amount by which the threshold shifted was taken as a meas- 
ure of the noise level. 

c 

Another method is one in which a known level Traduced 
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by the audiometer in one ear is compared to the noise lev- 
el* to which the other ear listens. The tone on the audi- 
ometer is adjusted until it sounds as loud as the noise. 
If the note. of controllable intensity.is 1,000 cycles per 
second, this type of meksurement will qive directly the 
loudness level. 

Before closinq the discussion on sound and hearinc;, 
mention should be made of several other factors of impor- 
tance. The reaction of the indivfdual to noise is condf- 
tioned not only on its loudness', but also, on its nature. 
Whereas people are prepared to tolerate some noise as a 
necessary evil in the operation of mechanical equipment, 
noises which are thought to be unnecessary and which 
should not be Fresent can become quite disturbing. Rat- 
tlinq, squealing, o'r squeaking of the device, a low-pitched 
drumming, and intermittent or erratic sounds are often an- 
noping. The reader can undoubtedly recall some sounds 
which ho has found particularly objectionable. An attempt 
has been made by Laird and Coye (reference 4) to evaluate 
the degree of-a&noyance of different frequencies. They 
found that the a;;-^nyance increases when intensity increases 
and at one intensity level, the least annoyins are the mid- 
dle frequencies from 200 to 1,500 cycles per second. 

lart of the disasrceable sensation .associated lyith a 
ZOiSy airplane arises from insecurely fastened structural 
members which ar-e set into vibration, If <he vibratory 
amplitude be sufficiently large, an audiblo sound mill bo 
omittud and, what is moro, the gassen$er may sqerience a 
sensory reaction i.f the vibration is transmitted to where 
he happens to be. Just horn large an amplitude is percepti- 
ble is .%iven in the curves of figure 8 (reference 5). Here 
------mm----- -- --------- 
*Ve take this opportunity to summarize the various terms 
in use as unfts 'for sound measurements.. As A Fhysical 
measure of the intensity of the sound.or.noise the three 
terms - sound level, intensity level, atid noise level - 
are equivalent. The term "loudness level" is reserved for 
intensity measurements which have been corrected for ear 
response and should be exgressed in phond but are often 
expressed in decibels. .The t'loudnesslt of a sound is an 
absolute measure of the observerIs reaction to its inten- 
sity; it may be expressed in loudness units which are, 
therefore, a quantitative means of expressinq the average 
auditor's impression of'hom loud the sound is. . . 
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the amplitude of .vibration in centimeters is plottad 
n$ainst the frequency.3.n cycles per second. The whole 
rgrnph is divided into the six regions 0, Ia, Ib, Ic, IIn, 
IIb, with the followin< moaning: All motions havinS the 
amr>litudo and,frequoncy' in the region 

0 are not noticeable 

Ia, just noticeable 

13, well noticoablo 

Ic, vory stronqly noticohble 

112, disagreeable 

IIb,- very disagreeable. 

it will. be observed that tho- <renter the frogucncy 
the smaller the amplitude which can be detected. The vi- 
bration amplitudes of an airplane may be quite large. 
Z?;nd (reference 32) reports one panel in an airplane nhich 
hp*?rd an amplitude of l/4 inch, an extremely dfsasreeable 
source of discomfort, As a guide to be used in determin- 
ing what vibration amplitudes are permissible, Zand gives 
the figure of 0.012 inch as the maximum amplitude to be 
tolerated, a figure which is considerably hisher than the 
curves of figure 8 .mould indicate. 

III. SOURCRS .OF NOISE .IN AIRCCAFT 

In the battle against noise, the first line of de- 
fense is a e;ood offense; attack the enemy at its source.. 
if possible, eliminate the noise source; if not possible, 
reduce its intensity; By stu'dying all the possible sources 
of noise in the airplane, horn they arise, the relation- 
ship between the intensity level and the different varia- 
bles, and the relative masnitude of the various sources, 
valuable. information is obtained mhich may be used to se- 
cure a sizable reduction in level. 

Armed with a knomledqe o'f the various physical fac- 
torsinvolved, it is quite possible to predesiqn an air- 
_nlane which will not exceed a specified noise level. Hon- 
ever, having built the airplane, any charges in construc- 
tion are relatively more costly. It is therefore the nis- 
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c est and most economical course to make the initial deoi?n 
consistent with acoustical requirements. j It is, of course, 
Dossible to correct the finished airplane, but usually 
this involves an increase in weight, with a consequent re- 
duction in Pay load.. 

Xany investiqators have discussed the various phases 
of noise reduction in aircraft. As a typical example of 
lT!hat can be done by Dayinc?; attention .to design features, 
Zand (reference 32) has qiven the data in table II. It 
should be emphasized that the reduction in level obtained 
is due to reducing the noise at the source, either by a 
more effective desiqn or a Proper choi.ce of operating con- 
ditions, and not by the introduction of soundproofing ma- 
terials. 

TABLE II 

The comoosition of noise in the. cabin shornin the im- 
. _urovement possible by an efficient design, .excluding'tho 

use of soundproofing. 

;1 Source 

Propeller 122 
Exhaust 118 
&Sine clatter 104 
air-borne noises - lr38 
Aerodynamic noise 94 
Ventilatinq noise 114 

Total noise r26 

Boise level ' L------L 
Inefficient design 

i: 
1 

n decibels --- 
Efficient desi";n 

100-104 
100-104 

89-99 
74-79 
79-84 

-72-76 e-- 
100-106 

In particular instances the reduction possible may be 
more or less; the fie;ures e;iven are only to be considered 
as illustrative. 

A. Propeller Xoise 

Xxtessive observations (reference5 10, 11, 12, 13, 14, 
15, 16, 17, 18, 19, 20) on propeller noise have been made, 
the results of which mill be briefly mentioned here. The 
noise consists mainly of two components. One is the rota- 
tion note, tvhich has a frequency-equal to the number of ro-r 
tations per second multiplied by the number of blades in the 
nrooellor. This is tho fundamental note, the low-pitched 
roar, and it is accomuanied by R 1are;c number of harmonics 
(frequencies which are .inteqral multiples of the fundamental). 

I 
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Usually there is more acoustical energy in the fundamental r 

than in all other frequencies, so that it is the chief 
cause of _uropeller noise. However, in certain cases (ref- 
erence 11) the harmonics may predominate. : .- 

The other component is the rotation or vortex noise. 
As the propeller rotates, it causes a turbulent air condi- 
tion to be set up, in which vortices are shed off the 
blades. The vortex motion gives a very complex frequency 
spectrum composea of a continuous distribution of frequen- 
cies from about 1,000 cycles up. 

It is als'o found,that the rotation note and vortex 
no$se are not equally intense in all directions about the 
Fropeller. The maximum intensity .level occurs in the 
plane of the propeller blades and is due to the fundamen- 
tal note. The vortex noise, on the other hand, has its 
maximum along the axis of rotation of the propeller. HOW- 
ever, the frequency discrimination of'the ear is such that 
the propeller noise is equally loud in all directions 
(Stowall and Deming, reference 20). 

It is evident that proper positioning of the cabin 
relative to the -propeller is of advantage. Both the sound 
intensity and the vibration amplitude of structural ele- 
ments decrease with distance from the source of the dis- 
turbance. Some data of Bruderlin (reference 22) (fig. .9), 
give the variation of noise level, ,at the skin of the fuse- 
lage, with distance from the propeller, showing that a lo- 
decibel reduction may be obtained by placing the cabin 16 
feet back from the plane of the propeller. If there is 
too little clearance between the fuselage and the tip of. . 
the propeller, the vibration amplitude of the fuselage will 
be larger and the noise level fill be higher. The noise 
level varies as -&, where r is this clearance dis- 

r 
tance (Bruderlin, reference 21), provided r vnrles from 
8 to 12 inches. In one specific case (Zand, reference 32), 
a 2-inch clearance between the propeller and a certain pnn- 
el caused the latter to vibrate with an amplitude of l/4 
inch, and as a result it was the cause of most of the noise 
in the cabin. To reduce the noise being omitted, a float- 
ing panel was attached to it by means of rubber strips. 

~ The.amplitude of the floating panel measured 0.015 inch 
and the sound level dropped 10 decibels. This same reduc-. 
tion.coluld have been obtained by having a clearance of 12 
Inches, had that,beon Ipossible. 
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Kultiple-engine airplanes with an even number of-en- 
Tines are to be preferred, as it is possible in this case 
to have the cabin situated farther away from the propel- 
lers than is usual. The cabin, however, should not be 
located in the plane of the propellers, since this is ex- 
actly mhere the, rotation note, mhich is hardest to insu- 
late against, is a maximum. 

The single most important determinant of proseller 
noise, Iiowever, is the propeller tip speed. Most authors 
are aqreed that a linear relationshig exists between noise 
level in decibels and propeller tip'speed. Zand (refer- 
ence 32) finds that the noise level fn decibels for a tmo- 
blade 'metal propeller is 

Xoise level (db) = 24 +'O.llV (4) 

mhere V is the tip sgeed in feet per second. For a 
three-blade metal propeller the equation is, approximately, 

Noise level (db) = 19 + O.llV (5) 

The actual law is plotted in figure 10. The relations 
(equations (4) and (5)) seem to hold up to about V = 850 
feet per second, when the sound level starts to in.crease 
faster than a linear lam. 'Somewhere Ln the neighborhood 
of this speed, which is 
lqcity of sound., 

an appreciable fraction of the ve- 
the flom of air past an airfoil similar 

in design to a groceller section ohanges from smooth flow 
to "burbling type of flow mhfch at low speeds occurs only 
at 1arSe anqles of attack (reference ?;3)." This results 
in a decided change in the character of th% sound with an 
apparent increase in intensity. Hilton (r'eference 14) has 
indicated that the linear lam extends sell on'Fast the ve- 
locity of sound. 9e found that the noise level is direct- 
ly proportional to tip speed fn the range from 0 to.1.2 
tfmes the velotity of sound. 

Obata and co-workers (reference 19) carried out p.n 
extensive series of observations on the intensity of dif- 
ferent frequency- conponeEts of the propeller noise as a 
function of tip speed and pitch angle of the blades. i?hile 
the intensity does not vary in a simple fashion with the 
pitch, it is possible to make the rough statement that the 
sound level decreased I decibel for each degree decrease 
in gitch over a ranqe from about -10' to +lO" .pitch.settinq. 

Davis (refere.nce 25) has given the following rules: . 
, ' 
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"Noise reduction of 

10 db per 100 ft./set. reduction in tip speed 
(some airscrens gave higher reductions up to 
15 db). 

1 db per degree decrease in pitch setting. 

10 db for change to thin conventional section. 

5 db _oer foot'diameter increase of airscrew (for 
given power,.formard speed, and similar oper- 
ating point on the efficiency curve>. 

10 db for change to 4-blader of same diameter (for 
qiven yower and appropriate speed). (The change 
from a 2-blader would, of course, involve a change 
of <ear ratio and calculations have shorrn that 
there will be no actual imgrovemcnt if the gear 
ratio is kept fixed.)" 

A formula giving the noise level as a function of tip 
speed,.distance of observation point from propeller, the 
number of blades, propeller radius, chord of blades, blade 
sha?e, angle of.incidence of air stream, and air viscosity 
has been given by Capon (reference 2,3). There is some 
doubt as to its complete accuracy, as it has been assumed 
in this derivation that the sound intensity diminishes 
with the distance according to the familiar inverse square 
law. Several observers (references 19 and 20) have found 
experimentally that the intensity decreases more rapidly 
than this. The reader is referred to the original paper 
by Ca-non for the formula and its use. 

The,most effective way to reduce the noise level of 
an airplane is, then, to reduce the propeller tip speed, 
use large-blade propellers and preferably with more than 
two blades. In most cases the reduction of tip speed is 
accomplished by gearing the propeller'to the engine. Care 
should be taken that the noise level of the gears is bo- 
lam that of the propeller noise. 
vantage in gearing, 

As,an example of the ad- 

ence 25). 
we quote .some figures of Davis (refer- 

in which a geared and an ungeared engine are 
comqared, The tip s-peed of the ungeared airplane was 830 
feet per second, while that of the geared airplane was 685 
feet per sec0n.d; 
13‘ decibels. 

the reduction was, on the average, about 
In any event, the tip sneed should not be 

permitted to exceed 850 feet per second, at which speed 
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the curves of figure 10 show that the sound level gets in- 
ordinately large. _-.. - - 

B. Exhaust and Engine Noise 

'casually the propeller nofse is much louder than the 
exhsust noise. If the difference in intensity betkoen t3e 
two is more than' 10 decibels, then me have saen that oven 
if we entirely eliminated the exhaust noise, the sound 
level would be unchanged. Thus, there is no -point to re- 
ducing the exhaust noise unless it is louder than the ?ro- 
Feller noise. Of course, some reduction (1 to 3 db> may 
be obtained in case.the exhaust is no more than 9 deci- 
bels below the propeller noise. Before any reduction in 
level can be obtained, it is always necessary to first re- 
duce the loudest .offender. 

In certain aircraft, where the tip speed is still 
relatively large, the exhaust needs. no special mufflers or 
silencing device; The usual Trocedure is to use exhaust 
collectors, with the exhaust-pipe outlet located well aJ?ay 
from the cabin so that the screening effect of the nacelles 
or nings is used to good advantaqe. Increasing the dis- 
tance from the cabin is also of advantage since the sound 
intensity decreases as the inverse square of the distance, 
approximately. : . . 

In the event that in some way the contribution from 
the propeller has been reduced below the level of the ex- 
haust, some kind of silencer will be necessary. The 
Yational Bureau of Standards has conducted an investiga- 
tion to discover the nature of the action of a muffler 
and to test the effectiveness of various commercial and 
ex-oeriment mufflers (references 33 and 34). 

Analysis of the action of the ordinary muffler shored 
that it acted by modifying the flow of gas so as to gen- 
erate less sound, but did-not act to absorb the sound af- 
ter it had once been creatsd. The working principle of 
some of the mufflers was chiefly one of reducing the tem- 
perature of the exhaust gas by an expansion chamber or by 
e large metal radiatinq surface. In addition, in some of 
these mufflers a turbulent gas flow, which caused ccinvec- 
tion currents, increased the rate of heat loss. Then the 
temperature dropped, the density of the gas increased, as 
,a consequence of which for a given energy of flow, the ve- 
locity of discharge of the gas was reduced. In the re- 
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sistance type of muffler, the flow of qases ras retarded so 
that a back prossure was exerted on the. engine with a con- 
sequent loss of power. Mufflers of this type are too 
heavy. 

There are sovoral tyues of mufflers which are built 
for the puruose of attenuatins the sound produced. In 
one, use is-made of sound-absorbent mater$al which is able 
to withstand the heat of the exhaust $ases. Another tyne 
has built into it an acoustic filter, a device which dis- 
criminates asainst certain frequencies present in the ex- 
haust notse, so that these frequencies are attenuated. 
Measurements on one type of enqine (reference 341, an 83- 
horsepower, V-type, 8-cylinder,'mater-cooled, Hispano-Suiza 
enqine indicate that the exhaust sound enorqy is concen- 
trated in the frequencies below 250 cycles and e;reator 
than 500 cycles. Hence, the acoustic filter should be do- 
signed to dissipate these two froqu'ency regions. 

One important conclusion of this Investigation was 
that considerable reduction could be obtained merely by 
the use of a manifold system. Thus 7 decibels was gained 
when a side manifold tube 3 inches in diameter and 31 
inches long was connected to the exhaust port. Four open 
ports, 2 inches in diameter; were provided on the side 
manifold. A more complicated device containing a Siamese 
fittins between the exhaust port and the side manifold at- 
tenuated the noise 13 decibels. This indicates the order 
of effectiveness of such a simpl'e device as a collector 
and a tail pige. Of the 10 mufflers tested, half of them 
had a reduction of about 5 decibels; the other five were 
responsible for 10 decibels loss; The loss in horsegomer, 
due to the addition of the mufflers, was less than 2 per- 
cent, while the manifold system'was responsible for a l- 
to 3-percent loss. 

It should be pointed out that the data on mufflers 
were obtained in the laboratory in a test set-up in rvhich 
the pro-peller was purposely excluded, so that only ex- 
haust noise would be measured. In any practical attempt 
at airplane quieting it is desirable to know just which 
component, grogeller or exhaust noise, is louder, and it 
is of advantaqe to make such observations on the finished 
airplane. A method of separating the components has been 
indicated 'by Spain, Loye, and Templin (reference 281.. 
Some of their results are given in a later section of this 
gaper (p. 49). 

. 

r 

. 
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Enr,ine noise, in which me may include valve and tap- 
pet clatter, 4ear. carburetor, and supercharger noise, is 
usually below the level of the exhnust. Some figures tvo 
have elrerdy quoted (p. 15) and some obtained at tho 
?T?tional Bureau of Standards (reference 34), indicate that 
the difference is about 14 or 15 decibels. Naturally, the 
engine may cause a qreat deal of disturbance because of 
vibration transmitted to the cabin,structure. Care should 
3e taken therefore to secure A proner elastic suspension 
for the engine. Zand (reference 32) states that a reduc- 
tion of 2 or 3 decibels was obtained in one particular in- 
stallation in which a resilient mountinq.vas used. He ad- 
vocates the use of rubber under shear for mounting pur- 
poses, as it gives a greater vibratory attenuation than 
the ordinary rubber under compression. A method of calcu- 
lating the load on the rubber suTnorts is also given by. _I 
Zand. Of course, it is of advantnqe to have the sussen- 
sion fittings as close as possible to the center of ?;rav- 
ity of the engine. Additional refinements from the quiet- 
ing viewpoint are flexible pipes and tubins between the 
.~'CY~Z and the nacelle, the rie;id wall of ordinary gfpe 
lines being more ast to vibrate than the discontinuous 
structure of a flexible conduit. 

A Particularly disconcerting effect which may be ob- 
tained in multienyine installations is the phenomenon of 
Seats jetmeen enqines. These occur rvhen two ensines are 
runnin-; at slightly differ,ent speeds;the net effect is a 
fluctuation in intensity which may be as gzreat as 10 deci- 
bels. In the modern Douqlas airplanes (Bruderlin (refer- 
ence 21.)), synchronization controls are provided whereby 
jests are kept less than 1 in 4 seconds. Seats may also 
occur jetneen different frequencies present in the complex 
structure of airplane noise. Then they occur and are suf- 
ficiently loud to be disturbing, the appropriate remedy is 
to change the frequency of the mechanical motion responsi- 
ble for the e;eneration of this note. 

C. Aerodynamic and Ventilating Noise 

The advent. of streamlined aircraft, markinq the rele- 
gation of the "stick and wire*! structure and other aero- 
dynamically faulty airplanes to obsolescence, has made the 
aerodynamic noise level an unimportant factor compared to 
?roDeller and engine noise. If the lines of the airplane 
hull are ko?t clean, and obstructions or protrusions which 
would cause excessive air turbulence are eliminated, noises 
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arising in this manner will not be troublesome. Precau- 
tions to be taken in this category are the avoidance of 
leaksor openings in windows or doors and their appropri- 
at0 installation to assure continuity of streamlining. 

,Under flight conditions, with variable stresses act- 
ing on the fuselage and door, it is possible for slie;ht 
openings to appear where a perfect closure existed on the 
ground. Such openings introduce a new source of noise 

.because bf.the turbulent state of the air at these small 
cracks and because they transmit an inordinate amount of 
sound int.0 the cabin. An effective door catch should ex- 
ert press'urs on all four sides; there are several such de- 
vices on the market. There is also a type which has a pneu- 
matic gasket which.is capable of ex ansion upon reaching a 
given elevation (Zand, reference 32 'i . 

In ventilating systems for aircraft, we have a per- 
.glexing,problem in which, apparently, the demands of good 

ventilation are diametrically opposed to those of keeping 
the cabin quiet. To get the required air flow, rather 
large ducts must be used, and if these be employed, suffi- 
cient sound may be transmitted into the cabin from the 
noisy exterior to make the interior equally loud. Similar 
requirements arise in air conditioning, heating, and ven- 
tilating units for ordinary building construction. The 
desiqner in this case turns to the use of sound-absorbing 
materials which he employs as a duct lining. In the Curtis- 
Fright "Condor" (Goldinq, reference 271, such a ventilating 
system is used. The ducts consist of two concentric tubes; 
the inner tube is perforated and the space between the two 
is filled with glass wool which has good sound-absorbing 
properties. As the air stream passes through the center 
Pipe, the associated noise is attenuated. In general, the 
attenuation or diminution in sound level is directly pro- 
portional to the length of the duct. For example, if 
there is a decrease af 10 decibels for 10 feet, there R-ill 
be a 20-decibel loss for 23 feet. It is therefore evident 
that to keep the noise Level low in the airplane, the in- 
take opening should.be as far as possible from the point 
where the air is discharged into the cabin. Furthermore, 
the intake should be located in a relatively quiet spot, 
say under a wing, away from t'ne propeller. 

The attenuation per unit length varies nith frequency 
for any given lining and duct opening and is usually small- 
er at both the low and the high freq.uency ends. There may 
sometimes be some residual sound,, a te'aring or swishing 

. 
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type of noise, To remedy, recourse should be had to a fre- 
quency analyzer to determine the frequency or frequencies 
present. An acoustic filter (p. 188, reference 36) may be 
the proper solution if too wide a frequency ran%e is not 
present in the analysis. 

In certain instances, the difficulty may arise from a 
resonant effect, i.e., if the lenqth of the ventilating 
2';;" is a multiple of one-half mave.len<th (l/2, 2/2, 3/2, 

> of the sound wave concerned; then the pioe mill 
be in'iisonance.and the attenuation qill be much 1:s~. 
Figure 11 {Schoch,. reference 38).shoms this -effect. The 
influence 0% an openins of 15 centime.t,ers length and 1.7 
centimeters diameter on the sound insulation o,f a brick 
wall was ascertained. Curvs a represents the sound in- 
sulation of the wall without hole, and curve b with the 
hole. The hole is essentially a,tube of 15 centimeters 
length and l~ill resonate at certain select frequencies, 
namely; those for iehich the wave length of the sound is 2, 
212, 2/3,’ 2/4, . . . times the length of the,pipe. The 
first frequency in the series is approximately 1,150 cycles/ 

34490 
second (frequency = 2x15; the velocity of sound is' 
34,400 cm/set.). Succeedinq frequencies will therefore be 
2,300, 3,450, 4,600, ,.. The arrows on,the curves of fig- 
ure 11 show the minima which occur approximately at these 
frequencies. It will be seen that 13 to 15 decibels more 
sound is transmitte,d at these frequencies than at others. 

This resonant effect may become serious in some in- 
stallations'if.the tube lenqth is such as to resonate at 
the low frequencies from :vhich airplane noi,se %ets its 
loudest contribution. 
94, c:icles, 

Thus a G-foot le.ngth resonates at 
and.'& 12-foot length at 47 cycles. In modern 

airplanes the fundamental of the proFeller note is low be- 
cause of the reduced tip speed, but usually not loner than 
45 cycles'per second, so that if ventilating pipes be kept 
longer than 12 Teet, this anomalous transmission effect 
rrill not occur. O'f course, if the pipe lenqth is short, 
the biTher frequencies mill resonate and they are usually 
less objectionable 'than the. lol?er tones. A frequency anal- 
ysis of the offending residual.tsound ,will show if it has 
the frequencies dissociated. with the length of the pipe. 
This length may be changed so that maximum attenuation is 
obtained by nakinq the new lencgth l/4, 3/4, 5/4, ,?. of a 
r;'sLve length. That is, if ,Z = lenqth of tube, and L,= 

. 
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the wave length, minimum attenuation occurs when 1 = 2' 
4L 6L --* --, ,,* 4 4 and maximum attenuation tvhen 7, = - L 3& g$ 4' 4' 4' l -* 

The lengths of maximum transmission occur halfway betveen I 
those for minimum transmission. 

The size of the conduit which should be used is deter- 
mined by the'rate at which air is to be supplied to the 
cabin and the maximum speed of flow commensurate Prfth pas- 
senger comfort. Zand (reference 32) states that 15 to 20 
kilometers per 'hour is "the maximum speed of air which 
will not create draughts" and that 30 cubic feet of air per 
person per minute will do in normal weather, while on very 
hot days, up to 60 cubic feet is necessary. 

D. Secondary Noise Sources 

The term "secondary noise sources” refers to noise 
arising from vibrating objects in the cabin, such as bulk- 
heads, floors, bagqage racks, chairs, and other auxiliary 
equipment. These give rise to air-borne sounds which may 
be particularly objectionable, as they are, in general, 
intermittent in nature. Furthermore, vibration of furni- 
ture or floors may give passenqers an unpleasant vibratory 
sensation, 

The fuselage of an airplane.19 subjected to sudden 
changes in stress, to shocks, and to vibratory motion 
arisins from prime movers and intense sound waves. If any 
cabin fixtures be connected directly to the fuselage, they 
will be set into vibration. To remedy this undesirable 
condition, it is well not to mount cabin equipment on the 
fuselage directly or, if this is necessary, to use shock- 
absorbing mountings of rubber, felt, or any other vibra- 
tion dampincg material. Floors, for example, should be 
mounted on an isolation system, say, of rubber, felt, or 
cork pads. Panels of the cabin trim should be fastened 
riqidly, and any lnrqe unsupported structural elements 
should be avoided, as they will readily cause a low-pitched 
drumming effect. The ideal cabin, from this viewpoint, is 
one in which no part is compelled to take the stresses to 
whfch the airplane is subjected. Intercabin bulkheads or 
any other internal bracin$ can be readily avoided by the 
Use of monocoque constructions or llself-supportin< U- or 
Z-shape rine;s (Zand, reference 32)." 

Windows, if attached directly to the cabin trim, wbll 
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create a high-pitched disturbance in the Immediate vicinity 
of the passenger. Appropriate rubber fittinss for mount- 
in% the windoms are available on'the market; One patented 
construction, ficure 12'(Zand, reference 32.), provides a 
rubber channel into which the glass ts inserted. Provi- 
sion is made for the rubber to move in'tmo directions, 
both laterally and vertically, so that the vibration is 
readily attenuated. The energy dissipation of such a ma- 
terial arises from fts.ability to chanqe its shape under a 
load. Actually, if the rubber is not too soft, it will be 
found that it is almost incorn-pressible when confined. It 
is, therefore, me11 for the designer to allow rubber or 
other resilient suuportinq material room for expansion or 
contraction. . . 

Other minor pieces of equipment, "such as ashtrays, 
drinking glasses, mirrors, fire extinguishers, and seat 

-belts" should be securely fastened to the cabin to elimi- 
nate the possibility of their rattlins or buzzing: Eter- 
nal viJ;ilance is the price of keeping these annoyances 
from cropping up. Kountings and fittinss should be peri- 
odically inspected. 

. 

4 

Attention to details when installing cabin equipment 
mill pay. Secondary noises, then, may be kept to a mini- 
mum. TVith the principles detailed under the other sec- 
tions A, B; and C, the designer may choose hi's operatfnc 
conditions and pattern his desi$n so that a material re- 
duction in noise level of about 20 decibels is obtained, 
His untreated cabin, however, is still much too noisy, the 
level being about 100 to 105 decibels, For comfortable 
surroundings and unim-geded ability to conve'rse, the' sound 
intensity should be reduced to .that in the V-16 and V-12 
passenger cars of table I, i.e., between 79 Rnd 84 deci- 
bels.. A further reduction of anywhere from 15 to. 25 dec- 
ibels, and in some cases 3/) decibels, may be necessary. 
For this, recourse must be had to the -principles of sound 
insulation and sound absorption.- Be‘shall shorn that by 
makine; use of these two principles, it is Fossible to,.$ain 
Up to 30 decibels for a reasonable amount of additional 
meiqht. However, before discussing this phase of the prob- 
lem, we should like to round off our present discussion by 
qiving some addiltional means available to secure a reduc- 
tion of noise level nithout soundgroofin<. 

One of these schemes has been indicated by Bruderlin 
(reference 21). He found that.by curving the fuselage, 
section, less low-frequency sound \vould be transmitted - 
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'into' the afrplane than if the sect,ion were flat. Thus, 
in the DC-2, a deQormation of the section to a 5%inch 
radius produced an improvement of 6&decibels at 50 cycles 
per second, *while a loo-inch radius was 24 decfbels better 
than a flat section. The appropriate radius is, of neces- 
sity I a compromise between decibel,$ain and necessary in- 
terior space. Analyses of the distribution of noise in 
the cabin have shown that the front of the airplane is, 
in general, noisier than the rear. For example, current 
practice amon% airplane manufacturers. (reference 35).in- 
dicates that sound levelsrun from about.83 to 91 dsci- 
bels in the cabin and 85 to 102 decibels'in the pilot's 
quarters. It therefore follows that bagqae;e rooms or mail 
compartments should be olaced in between cabin and cockpit, 
so that the cabin is removed from the noisiest part of the 
airplane. On the other hand, rest rooms should probably 
be well in the rear, toward the quiet end since, for the 
passencer who is sick or desires rest, a noisy environment 
will a.ccentuate his discomfort. 

IV. SOUNDPROOFING THE AIRPLANR 

A. The Noise-Reduction Factor 

The process of soundproofing is dependent upon two 
different physical phenomena, sound absorption, and sound 
*insulation. Just where the distinction arises may be seen 
from the following illustration. Imagine yourself the 
owner of a boiler,.faotory,, The din is terrific; workmen 
are subjected to the enervating effect of unceasing noise. 
Furthermore, the people who are,,unfortunate enough to live 

'in the neighborhood are complaining:"Your factory is un- 
.' bearable." You have two distinct problems to solve: one is 

to reduce the sound level within the building in order to 
relieve your employees, and the other is to prevent the 
noise from leaving the building - for the relief of your 
neishbors. 

If you think you would first like to set your neigh- 
bors at ease, then what you must do fs to change the con- 
struction of your walls so that they become more effective 
sound insulators. It is possible: to achieve this in- 
creased efficiency in several ways, one of which is to in- 
crease the weiqht of the malls considerably. The heavier 
wall transmits le.ss $ound, but to secure all of the addi- 
tional insulation desired a more complicated solution may 
be necessary, 



N.&:C.A. Tec'nnical. Note- Np,.. 748 27 
r 

Eowever, havfnq built this wall has not given respite 
to your workmen; the noise is still just as loud on the 
inside. Becourse mustbe had to sound-absorbins materials, 
the application of which to the malls of the interior will 
afford a material reduction,in loudness. Furthermore, the 
use.of absorption in the interior also helps to reduce the 
sound-level exterior to the building. If the sound level 
is reduced 5 decibels on the inside, it ~511 also be 5 dec- 
idels less on'the outside. In thts sense, the utilization 
of sound absorbents may be said to have some sound-insulat- 
ing value.. Eorvever, since it is usually not possible to 
secure a reduction of morepthan 7 decibels by this means, 
it is neeessary to make special provision for sound insu- 
lation. 

Of course, in quietin< an airglane, the Faint of viem 
is reversed; the noise exists externally to the airplane 
and what is desired is to prevent the transmission of sound 
into the interior. However, haTin< once penetrated into 
the cabin, acoustical materials may be applied so as to 
diminish the sound level. Soundproofing a cabin thus re- 
solves itself into an attack on two fronts, the objectives 
of which are: "Keen the noise out and keep the noise down." 
On tvhich of the two battlegrounds the stronqer efforts 
should be exerted will be evident from consideration of the 
noise-reduction formula-which we now deduce. 

As an approximation to the actual physical sdtuation 
encountered under flight conditions, the following set-up 
is considered. We have a cabin which may be thought of 
as a large box, this 30x helng suspended inside of a still 
larser box. A source of sound is situated exterior to the 
cabin, as a result of which there will exist a certain 
sound field in the snace between the two boxes; it is as- 
sumed'that at all saints in this field there exist equal 
amounts of sound energy. The total amount of sound energy 
present in the space exterior to the cabin will be denoted 
3Y Ees and the amount of sound energy which is incident 
on-unit area of the cabin surface on its exterior side in 
unit time,' will be E.le. Of these E'e units of sound 
energy, only a certain fraotion Cl1 be transmitted into 
the interior of'the cabin. The fraction of the incident 
enere;y which is transmitted d.nto the interior of the cabin 
is known as the transmfsslvity, and mill be designated by 
the symbol T. Hence, Der ,uni.t time, the total energy ap- 
pearing in the ca3in is TE'eS, s being the total sur- . 
face area. -IPithin the cabin there exist Ei units of 
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energy, asa result of which Eli units of onerqy hit unit 
area of the interior in unit time; The cabin is lined 
with a surface finish which has a sound-absorption coeffi- 
cient a. This means that of the E'i energy units strik- 
fng unit area of S, a certain fraction, a ~111 be ab- 
sorbed. Hence, aJc?i s ,units of energy are absorbed fn 
unit time. In addition, there is also a certain transmis- 
sion of energy from the Lnterior of the cabfn to the exte- 
rior', i.e., of the E'iS ener<y,unit's incident on the in- 
terior surface TE 'j,S energy units appear externally. 
When equilibrium is attained* there must be ,just as much 
energy appearing as is disappearing in the cabin, so that 
we have: 

. 

ahence 

T-3:’ .S = aE'iS +'TE'iS (6) . 

23’ as + 7s 
zTf=- 7s (71 

The .sound energy striking the cabin wall on its fnte- 
rior side is a 'function of the total sound energy present 
in the interior of the cabin; in fact, it is possible to. 
show that 'in the ideal case assumed here the two are pro- 
portional. Similarly, the sound energy incident on the 
exterior side is proportional to the enersy exterior to the 
ca3in, .so'that 

, 

E’e Ee 
E-q = zy (8) 

The difference in so,und level in decibels between the f 
outside and the inside is known as the noise-reduction fac- 

tor and is equal to 10 log.,, 5 
xi ' 

so that the 

Noise reduction in decibels'= 10 log,, G-c? (9) 

A surprising fact mill at once be evident from equa- 
tion (9). If there is no absorption mithin the cabin, 
i.e., CL = 0, the sound level within will be equal to 
that mithout, no matter horn effective the mall-is in pre- 
venting the transmission of sound. Physical considera- 
tions show' at once why this must he so. Any sound energy' 
which does get, into the interior is not absorbed and hence 

a 
. 

I . 



c 

. 

c 

. 
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. ’ Anather iml;ortant consideration which is evident from 
these curves will be illustrated by the following examnle: 
Suppose CL‘. = 0.1 and T = O.c)l; the noise reduction is 
10.4 decibels. If we wish to gain anpther 1%decibel re- 
duction; we may do one of tw'o things: change the interior 
treatment so that the absorption. coefficient increases 
from 0.1 to 1, or, keeping a fixed at 0.1, change the 
cabin wall structure so that T. decreases to O.PJl. Ei- 
ther of these treatments will result in a further decrease 
in level of 9.6 decibels. The answer to the question as 

. to which of these two possibilities is most advantageous 
\ depends on the relative weights of the proposed treatments: 

the best solution is that Fhich requires the least addi- 
c tional weight, other things beinq equal. In any particular 
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will persist for a very long time.1 (There will be some 
loss at each incidence on the cabin wall due to transmis- 
sion through the wall; hence it will not persist indefi- 
nitely.) As more and more energy is transmitted from the 
outside, the sound level will continue to increase until 
the external and internal intensities are equal. Equilib- 
rium mill th set in and the two sound levels will be 
equal. it is necessary to have some absorption in the 
cabin, effective insulation scheme will be of no 
avail. 

It will be noticed from equation (9) that to obtain 
large sound reductions, we must have a low transmissivitg 
and a high abscrption coefficient. Figure 1.3, -in which 
the decibel reduction calculated from equation (9) is plot- 
.ted for different values of and a, illustrates this 
fact. (Cf. fig. 3, referencs733.1 It will be seen that 
the maximum reduction occurs at the lowest transmissivi- 
ties and the highest absorption coefficients. Furthermore, 
if there is very little absqrption, the reduction is small. 
Horvever, for low transmissivities .the reduction increases 
much more rapidly fpr. small values of 6 than for the same 
values of a at larger.values of T. Thus changing the 
absorption coefficient from 0 to 0.2 results in a change 
of 23 decibels for T = O.Obl, of 13.3 decibels for -r = 
0.01, of 4.7 decibels for T.= 0.1, and of 0.8 decibels 
for -r= 1. On the other hand, if we change from OL = 0..2 
to ct=l, we get less varied reductions for the various 
T's, i.e., 7.0 decibels for T = 0.001, 6.7 decibels for 
T= O-01, 5.3 decibels for 7 = Oil, 2.2 decibels for 
T . =l For the same increase in a, the decrease in the 
sound level within the cabin is greatest for low transmis- 
sivities. 
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case in which it is contemplated making a choice betaeen 
decreasing T or increasing a, and.in which the weishts 
of the proposed treatments are known, the most appropriate 
.ansner can be readily obtained from the noise-reduction 
factor. 

The above theoretical development is to be consider.ed 
only as a very approximate one. It deals nith a hiqhly 
idealized cabin, 'rrhich may be considered very simp1.y as an 
empty' room, devoid of any accessories and having all sides 
of uniform construction and surface finish.' Under these 
circumstances, the transmitting and absorbinq surfaces are 
the same, and the transmlssivity and absorption coeffi- 
cient do not vary from wall to wall. 'In our real cabin, 
honever, the transmitting and absprbinq surfaces are not 
equal. The-cabin floor may have little absorption value 
but may be a very effective insulator. People, upholstered 
seats,, various furniture pieces within the cabin have some 
ab.sorbing ability. Furthermore, a and T. vary in dif- 

. ferent parts of the cabin. Glass windows have absorption 
and transmission coefficients (a and 7) nhich differ from 
that.of the other cabin units, such as aalls, bulkheads, 
floors, etc. Equation (9) may be modified to take these 
various factors into account. The total absorption in the 
room is not US but a sum of the terms alS, -f- cvsSa -t 
%% + . . . . where SG~ is the absorption coefficient of a 
surface which has S, units of area, a, the absorption 
coefficient for S, units of area, etc. Similarly, the 
total transmission is qiven by T1s, f T,S, + T,S, + . 0. t 
where 71, T,, T,, ,.. are tho transmissivities for the 
different surfaces having the area sl, sa, s3, . . . 

If me let A = n,SL + aaS, + . . . = absor$tion 

T = T1s, + ?'a~,2 + . . . = transmittance 

me <et for equation (9): 

Noise reduction (db) = 10 log,, A?=10 10%~~ 
. 

. 

A For reductions gzreater than about 20 decibels z is much 
<rester than 1, so me <et 

Noise r-eduction (db) = 10 logLo $' 
0 

(11) 
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B. Sound Absorption 

To calculate the noise reduction one may obtain in aay 
soundproofing scheme, it is necessary to know the absorp- 
tion coefficient and transmissivity of the materials used. 
Methods are available to determine both of these quanti- 
ties in the laboratory. The most reliable test Frocedure 
for determining a, now in use, is the reverberation-room 
method, in which the time it takes for sound in a room to 
decay through a specified number of decibels, is measured, 
Sabine firstshomed that the total absorption in a room, 
A, is related to the time of decay for a range of 60 dec- 
ibels (the so-called "reverberation time" Zf'> and to the 
volume of the.room V, by the formula 

. ,‘. .; 
.'- El- = 0.05v (121 , c- ., .. A 

where Ef is in seconds and V in cubic feet. Thus, to 
0 

determine a, it is necessary to measure the reverbera- 
fion time with a knbmn amount of material in the reverber- 
ation chamber. Correction must be made for the absorption 

I * of the empty room. 
x . 'There are several features of importance about sound- 

absorbing materials mhich should be pointed out. Abso rp- 
tion of sound energy may occur in either of two ways: 
through porosity or diaphragm action, A material which is 
effective because of its porosity, consists of a great 
number of intercommunicating pores, fissures, or cells. 
The sound wave incident on the surface penetrates into the 
interior by means of the small openings in the material 
but, in traveling domn these capillaries, the wave motion 
is resisted by a vis,cous drag exerted by the capillary 
malls. As a result, qome of the energy in the wave is 
dissipated by this frictional force and is converted into 
heat'. It is at once evident what the effect of thickness 
.I 8 . If the material is too thin, the wave nil1 be reflect-- 
ed off the back surface after having been only partially 
dissipated, so that considerable energy vi11 be reflected 
back into the r-oom. If the material is thick enough, the 
wave may be absorbed to such an extent that IThat is final- 
ly returned to the room is considerably attenuated. 

Some figures given by Knudsen (73. 191, reference 371, 
show the effect of thickness on the absorption of Balsam 
Wool at different frequencies. These are given in table 
III. 
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TABLE III 

Variation of absorptkon coefficient of Balsam 'iVoo1 
with thickness and frequency (cycles per second) 

'I Absorption coefficient at frequencies of: 

Thickness ----------- 
l/2 inch 

1 1' 

2 " 

4 " 

---- 
2048 

0.57 

.60' . 

.70 

.76 

It will be seen that the Sreatest increase Rith 
thickness occurs at the lower frequencies. While no Zen- 
era1 conclusions are valid for all materials, a very $en- 
era1 statement can be.niade mhich covers the action of all 
porous materials;.viz, the absorption coefficient is rough- 
ly proportional to thickness. for a frequency of'128 cy- 

"c1e.s uer second 'for thicknesses as 1are.e as 3 or 4 inches. 
Above this frequency, for thicknesses greater than 2 inches, 
the coefficient is aggroxinat,ely constant, but may increase 
sli<htly; for' smallor thicknesses the variation with thick- 
ness is usually not predictable. 

. 
In the.phenomenon of diaphra$m action, the acoustical 

'material vibrates in such a fashion as to absorb energy 
from the sound Wave. Since it 
this vibration, 

requires enerqy to maintain 
the reflected Tave from the'material is 

considerably attenuated. Whether a material is free to 
vibrate or not deuends on the manner in which it is mount- 
ed on the mall ahich it covers. If it is mounted riqidly, 
it cannot shorn this diaphragm action, provided the we.11 
itself is rigid. EIowever, if it is mounted on wood studs, 
or fastened by any other similar mecans, so that the indi- 
vidual unit is held fast only at its edges, then it has ' 
the possibility of bchavins liko'a diaFhrngm. An important , 
consideration, therefore, in giving absorption coefficients 
is to state just how the materials vere mounted when test- 
ed. The application of such data to other types of mount- 
ings is usually unreliable and incorrect. For example, 
the followin< ,data were taken at the National Bureau of 
Standards (p. 5, reference 9) .on a certain acoustical tile 

‘ 

. 

. 

. 

a. 

. 
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. (Acousti-Celotex, type C2., 11/16 in. thick) which ras 
stuck on sypsum wallboard, by means of an adhesive. The 
wallboard pIas placed'on the floor of the reverberation 
room and tested. It was also tested after it had been 
nailed on to 13/16- by 2-inch furring strips 12 inches on 
center. The results are as follows: 

The diaphragm action is especially evtdent at 256 cycles 
per second, 

In this connection it is well to note one other -point. 
If the material is tested in the laboratory in small indi- 
vidual tile units and then, in the actual installation, is 
applied in larger units, the use of laboratory coefficients 
may be inaccurate, especially at the lower frequencies. 
At these frequencies the tile may be in resonance (normal 
vibrational modes)', and since these resonant effects de- 
pend on the size of the unit the coefficient will be dif- 
ferent for the two tiles. In fact, laboratory data ob,- -- 
tained'at frequencies of 128 cycles or less may not be too 
close to the actual coefficients which obtain under the 
condition of mounting in an airslane, sfnce at these fre- 
quencies there is considerable vibration of the airplane. 
This is, of course, only true for those materials which 
are sound absorbers by virtue of their vibratory charac- 
teristics. 

Some commercial products are manufactured to give 
this diaphragmatic absorption. In general, they consist 
of a flexible external sheet of some kind - paper, wood, 
doped fabric, or metal foil backed up by an a,ir space. 
One of these is 'lvibrafram,ll which comes in 13- by 13-inch 
units, and has a stiff sheet of felted gaper shaped to 
form a sort of hollow pan. The base is arransed mith a 
lip so that it can be pasted onto any surface desired. 

It is the characteristic of this type of absorption 
scheme that the coefficient is a maximum at one frequency 
and tapers off at all others. The %raph of absorption co- 
efficient versus frequency is resananco-like in nature. 
What is taking place is, that at a certain frequency res- 
onance occurs, as the combination of vibrating diaphragm 
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plus air-space forms, in effect, a mechanical sy,stem of a 
mass on a spring, in which the diaphragm may be considered 
as the mass and the volume of air enclosed by the vibrat- 
ing membrane as the spring., That 'is, the enclosed volume 
of air acts as ff it possessed stiffness, ,and this latter 
is the property of a spring. 

ideyer (reference 8) has shown that if a wall is cov- 
ered by a stiff membrane of this kind, of mass m per 
unit area and distance 1 from the mall, the resonant 
frequency is given by the following formula: 

f =-3 (13) 

where f is fn cyc$Les per second, rn. in qrams per square 
centimeters, and t in centimeters. Figure 14 gives the 
results of Meyer's measurement on brown mra_nping paper 

,placed at a distance of 5 centimeters from the wall. 
Curve a is with the air space, and curve b is with the 
space partially filled mith cotton waste. The cotton was 
introduced in such a fashion that it did not touch the 
vibratYng diaphragm. Its only effect was to absorb the 
sound waves which we8re produced in the air st)ace, especial- 
ly those waves traveling 'in a direction parallel to the 
face of the Faner. By using several layers of material 
separated by an air space, it is Fossible to get good low- 
frequency absorption over a fairly wide ranr:e. Figure 15 
(Meyer', reference 8) shows the results obtained in an ar- 
rangement usins three layers of oilcloth, vith an air 
space of 5 centimeters between each layer. The theoretical 
explanation of this action is based on the mechanical anal- 
ogy of this arrangement to an electrical filter which 
passes hfgh frequencies only. 

Vhile porous materials are generally inefficient at 
the,lom end-of the frequency range, but are much more ab- 
sorbent at the higher frequencies, those arrangements de- 
pending on diaphragm action have a maximum absorption at 
the 10~~ end. To obtain good absorption over the whole 
range, the logical Frocedure would be to attempt to com- 
bine these two effects, This may be done, as me have al- 
ready pointed out, by using a mounting for the porous ma- 
terial which mill permit vebration, if the material is 
sufficiently rigid to be caLsable of vibration., Another 
possibility is one fn which the porous materi.al is at- 
tached to a stiff membrane so.that absorption.occurs due 
to both porosity and vibration. For example, some figures 
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obtained at the National Eureau of Standards on a commer- 
cial product 'tLimpet,lf which is Fsprayed asbestos mixed 
with a binder to make it cohere, are S;iven below, The as- 
bestos was sgraye,d on metal lath, thus tiakinq possible dia- 
phragmatic moti-on, and also on wallboard, in which case 
the absorption would be,due to porosity only. 

Mounting Absorption ooefficie 
128 f 256 512 - -m----P_--- . -- 

Sprayed on . 
wallboard 0.13 0.31 0.66 

Sprayed 'on 
metal lath 
and surface 
painted 

--L 
.57 .71 L .80 

---- d-- -- - 

Its of 
1024d 

sprayedlasbestos 
2048' 4096 _----------A----- 

0.83. 0.74 0.66 
. 

.-em -L-l 
.56 .51 .52 

_ . ..- 

The thickness of -the layer was 3/4"'inch. There was 
approximately a 3-inch air space behind the metal lath. 
The much higher absorption coefficient resulting from dia- 
phraqm action is evident at the lower frequencies. The 
Limpet .sprayed 'on metal lath was gainted mith several 
coats of Faint. This causes a reduction in the coeffi- 
cients at the three hiqher frequencfes since the saint 
film prevents entrance of the sound.mave into the pores in 
the interfor of the material. On the other hand, it stiff- 
ens the surface of the material, so that the membrane ac- 
tion is enhanced at the lower frequencies. In another 
sample, in which Limpet nas sprayed on metal lath and then 
sainted, the absorption at the high frequencies was not 
reduced because of the existenceTin the painted surface.of 
a Sreat number of holes which permitted genetration of the 
wave directly into the air s_nace. 'Once in the air space, 
the sound experiences a dissfpative effect at the absorb- 
ent undersurface of the sprayed asbestos, and hence the 
absorption throughout the whole frequency range is in- 
creased. The material, Neshkote, developed by Johns- 
Manville (reference 32) combined these two principles, 
porosity and diaphragm action, to produce an absorbent 
which was effective,at all frequencies. 

Some other arranGements have been given by the German 
tnvesti.<ators, Wehner and Willms (reference 30). For ex- 
ample, they used a 3-millimeter Flymood sheet, perforated 
with 2-mill%meter diameter holes, and backed up by 6-milli- ~~ 
meter Calmuc (German trade name of a pore-us material) rnd 
a 50-millimeter air s-jace. This arrangement shoms a reso- 
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nant effect depending on the distance frpm the wall. At 
the wall a standing wave system is set up, and the par- 
ticle velocity of this 'wave is a maximun at a distance of 
l/4 wave length (of the frequency concerned) from the 
mall. The amount of sound energy dissipated depends on 
the viscous resistance of the pores, and this is a maxi- 
mum when the Farticle velocity is a maximum, so that at a 
distance of l/4 wave length the absorption coefficient 
will be qreatest. At frequencies betKeen 400 and 1,000 
cycles per second this set-u? gives a coefficient of about 
90 percent, while at 100 cycles the absorption is only 10 
percent. Of importance is the acoustical resistance of 
the backing layer. 'For best results it should match that 
of the air, i.e., 42 acoustical ohms. 

Behner and Willms also report some measurements in 
which coefficient3 close to 100 percent were obtained 
over a narrow band of frequencies. These were all reso- 
nant arrangements similar to Meyer's, the only difference 
being that on the back of the surface membrane (either 
nerfbrated plywood or oilcloth) felt was asplied. Hom- 
ever, the absorption coefficient at other frequeqcies was 
less than 10 percent, For example, the oilcloth-felt ar- 
rangementwith a 50-millimeter air space, gave the follom- 
ing coefficients at 100, 200, 300, 400, 500, 600, 800 
cycles per second, respectively: CL = 0.04, 0.03, 1.00, 
0.65, 0.45, 0.25, 0.03. 

It is well to observe here that any surface covering 
alsplied over the face of a material is a?t to change its 
coefficient. If the covering is very open, such as any 
xrerforated metal, wood, or fabric, or any open-weave cloth, 
the coefficient may change either way, i.e., increase or 
decrease, but usually not very much. In soundgroofinq 
airplanes the practice is to use pads or blankets of light- 
weight fibrous materials which are placed betmeen the outer 
skin and the cabin trim. The trim may be a very osen fab- 
ric, or perf0rate.d sheet of some kind, in which case the 
laboratory coefficients are probably unchanged; or the 
trim may be a heavy mohair, leather, or fabric of some 
kind. In the latter event, since the surface of the blan- 
ket is effectively screened by the external covering, tho 
laboratory coefficients are no longer valid, unless the 
absorption.ha3 been measured mith the particular coverin$ 
actually used in the cabin. In some ca.ses the materials 
may be covered with a special watersroofing finish or 
sheet, so that the effectiveness of the material will be 
practically all vitiated. The moral is: beware of extra- 

. 
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neous surfaced finishes which prevent the penetration of 
sound into the absorbent,; in any event, a test of the ma- 
terial with the covering on it, mill determine, whether 
the arrangement is satisfactory. 

. 

i 

By using several lagers of different types of blan- 
kets or sheets, it is possible to get a high absorption 
over a considerable range of frequencies.' Some measure- 
ments made on l-inch Fiberglas and l/4-inch Unisorb Felt 
by the National Bureau of Standards, are given below. All 
tests were made by slating the material on the floor; on 
top of the blanket a perforated iron sheet was placed. 
The Fiberglas and Unisorb Felt were first tested separate- 
ly, and then together. with the felt on top. 

128i 256 1 512! lc12412'348 4096 --------w--m-----_--- -- 
l-inch Fiberglas f-t - 

--- 

0.20 0.66 1 0.92 0.93 0.83 0.88 

l/4-inch Unisorb‘Felt i .04 .05 .14 .37 .66 .86 
I 

l-inch Fiberglas + l/4- I 
inch.Unisorb Felt .33 .86 

I 
.98 

I 
.97 .89 .91 

_------_____ __m---_l_------ -- 
Bhile the felt is not very good at 128 and 256, it . 

nevertheless produced a considerable increase in the coef- 
ficient when it w&3 combined with the Fiberglas. If the 
coefficients of the individual layers are known, it will 
be seen from this example that it is not possible to pre- 
dict just what the combination of the tro mill give. As 
stated before, in an accurate prediction of the noise re- 
duction to bo expected, the absorption coefficient of the 
actual arrangement of materials to be used should be known. 

Of course, in making any choice of absorbents for 
aircraft, there are other Properties which should be con- 
sidered in additionto the-absorption coefficient. The 
most important of these is weight. The material used 
should have the minimum of weight consistent with good ab- 
sorption. Weight reduces the Fay load, so that unneces- 
sary weight is particularly costly. Bruderlin (reference 
21) has calculated that in the 5-year life of an airplane 
of the DC-2 type,, the net average cost per pound of ex- 
cess weight is $325, a sizable figure, especially if the 
excess is very much. For this reason the designer in chaos- 
ing his acoustical material must restrict his attention to 
the very light materials. Fortunately, there,is a fair- 
sized collection to choose from; in table IV we have com- 
Filed the known absorption data on low density materials. 
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While a material may have high absorption and low 
density, it still may not be the best one to ~38, since 
there are certa5.n other'impor'tant properties which ?,t may 
lack. In selecting the pr.op,er'one to use, considerations 
should be given to such quantities as heat conductivity, 
moisture absorx,ti.on, fire resistance, vermin resistance, 
disintegration o‘r packing under service conditions, chem- 
ical stability, etc. 

Naturally', it is of considerable advantage if the 
product ha-ppens to be R good thermal insulator also. In 
this connection there is prevalent a widespread miscon- 
ception to the Bffect that'good sound absorbers dlmays 
have low thermal conductivities. While this may be true 
in some cases, it is not necessarily so. All of the known 
thermal conductivities of products listed in table IV are 
given in table V. The thermal conductivities are gfven fn 
terms o.f the K factor. (B.t..u. per hour per square foot 
per degree Fahrenheit per 1 in. thickness). 

Under the extremes of temperature and weather condi- 
tions which aircraft experience, the 'con'densation of mois- 
ture on the acoustical material is very a-pt to occur. If 
the ab3orption of moisture takes place, there will be a 
considerable increase in the weight of the airplane and 
the acoustical efficiency of the treatment may be reduced. 
In addition, the thermal conductivity mill be reduced. 
For these reasons it is important that the material be 
waterproof. One hundred percent waterproofness may be ob- 
j.ectionable in certain instances, however, as S. J. Zand 
has pointed out to the author. If the material is placed 
next to the metal skin of the fuselage, say,'glued on, 
then there will be formed slight air pockets between the 

'skin and the back surface of the material. The water va- 
por originally present in these pockets will condense and 
if the absorbent is impervious to moisture the water can- 
not escape; whence the possibility of corrosion of the 
skin arises. If there is a slight avenue of escape left 
open for the water va@or - 3ay, if the material is not en- 
tirely waterproof - the danger of corrosion will be elimi- 
nated. To assist in the evaporation Froce3s, it is quite 
feasible to bypass some'of the air stream from the venti- 
lating system through the space between interior trim and 
fuselage. 

An item which should not be overlooked is the question 
of resistance to packing or settling. 'Vibration of air- 
craft is severe, and changes in acceleration are large and 

. 



N.A.C.A. Technical Note No.. 7.48 39 

occur rapidly, so that a material which may be all right 
for ordinary use may not be particularly suited for the 
air-olane. There is the possibility that the fibers or 
su3stance from which the acoustic blanket is made may break 
up or subdivide. As a consequence, packing will result and 
some of the compartments in the blanket may be bare of fill- 
in spots. 

C. Sound Insulation 

Rhile the.sound-absorption coefficient suffices to de- 
scribe the efficiency of the material.as a sound absorber, 
the sound-transmission loss is the physical quantity which 
specifies its sound-insulation value, its ability to pre- 
vent the transmission of sound. Since the transmissivity, 
7, represents a transmission of energy, the'resistance to 
transmission, 
l/T. 

or opacity to sound, would be represented by 
The reciprocal of T, expressed in the decibel 

scale is known as the transmission loss, i.e., 

Transmission loss (in decibels) = 10 losio 4 
0 

(14) 

To clarify this concept, consider this situation. 
There are two adjacent rooms, in one of which is located 
a source of sound. As a result of this, a certain sound 
level exists in the other room. To keel! the level down, 
the second room is treated with a sound-absorbing material. 
It is desired to know the intrinsic insulation value of the 
tvall between the .tno rooms. The difference in the sound 
level existin on the tmo sides of the wall, is due not 
only to its insulating efficiency but also to the absorp- 
tion in the receiving room, SO that to ?;et the effect of 
the Fall itself, a correction must be made for the absorg- 
tion. From equation (ll), me have for difference in level, 
s'reater than 2'3 decibels 

10 logLo 2 
2 

= I? 1ogio A 
( > 7-s (11) 

where E, and E2 are the sound energies in the source 
and receiving room, respectively, 
tion in the receiving room, T 

A is the total absors- 
is-the transmissivity of 

the wall and S is its surface area. Solving for 
.13 loq,, +, we e;et 

13 log,, 0 1 ?: = 10 lo<,, ( 2 ) - 10 logi, 2 0 A 2 (15) 
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The expression 11‘ 

loss of the wall, 
10 10EslOEIT. 

) 
is the transmission 

10 lo<,, 
( > \e, 

is ,the observed decibel 

diffsrence, so that 1'0 loglo 
0 3 is the correction term 

which corrects for the effect of absorption. Furthermore, 
the appearance of the surface area in the correction term 
is equivalent to reducing the result to that tvhich would 
be <otten on a mall of unit area. .Thus, if S were one * 
unit area, there would be no correction for area, since 
1og1o 1 = 0. It is apparent, then,, that the transmission 
loss is the unique physical quantity which is a property 
of the wall only. This makes it possible to compare the 
insulatio-n value of different constructions by comparing 
their transm,ission losses. 

The example outlined above is the basis of one method 
of determining the transmission loss of different struc- 
tures. The panels are placed in an opening between two 
rooms, and the difference in level between the noisy and 
quiet side, the absorption on the quiet side, and the sur- 
face area of the panel are measured, these data sufficincS 
to give the transmission loss. This method is in use at 
the National Bureau of Standards and other'laboratories. 

Observations made on a large number of panels of homo- 
geneous construction have shown that the single, most-im- 
portant determinant of the insulation efficiency of a Pan- 
el of this type is its mass. Figure 16 is a result of the 
work of Ghrisler and Snyder (reference 24) conducted at the 
National Bureau of Standards (reference 33) on panels con- 
sisting of single sheets ,of different materials. It is 
to be"seen that for the very light panels the average 
transmission loss* increases quite rapidly as the weight 
increases us to about 0.5 pound per square foot. From 
this point on, however, the curve begins to flatten and 
the rate of increase in insulation efficiency is much 
less.. As a matter of fact, the curve of figure 16 can be 
represented on a logarithmic scale by a straicht line. 
In figure 17, the transmission loss is Flatted ae;ainst the 
losarithm of the weight (lb./sq.ft.). This straight line 
has been given by Chrisler and Snyder (reference 24) and 
is represented by the dotted line of figure 16, -e-m--- ---------e. ------ 
*The tests reported here were conducted in a slightly dif- 
ferent fashion from that now in use; hence, while the fig- 
ures obtained are not strictly transmission losses, they 
are very approximately so. 

.- 

, 

. 



U.A.C..A.= Technical Note No. 748 41 

In table VI the actual measurements on the different 
materials are $iven. It is to be noticed that the trans-. 
mission loss varies with frequency and that the panels 
are less effective at the low-frequency end. To s~ocify 
the averae;e performance of the panel, the average of the 
transmission losses at the three different frequency 
bands is given; in the future, in referring to the averaqe 
transmission loss, we shall omit the word "average." 

It has been found that the straight-line relationship 
between transmission loss and logarithm of the weight is 
valid for even very heavy panels. The designer is clear- 
ly at a disadvantage .here. If he wishes to get good insu- ----' 
lation he must resort to heavy structures. Fortunately, 
homever, it is possible to qet greater efficiency by re- 
sorting to the use of congosite panels. 

To illustrate the point, consider the case of three 
rooms arranged in a row in which room 2 is the center one, 
and rooms 1 and 3 the two extreme ones. Let us say, the 
separatins partitions between the rooms are plywood, 0.125 
inch thick. If we have a source of sound in room 1, test 
no. 14 tells us that there mill be a-reduction in level 
of approximately 19 decibels between rooms. 1 and 2 and, 
furthermore, between rooms 2 and 3, there will be another 
approximate reduction of 19 decibels, so that room 3 is 
about 38 decibels quieter than room 1. This is a very 
considerable reduction, inasmuch as an increase of 19 dec- 
ibels has been achieved merely by addinq another plywood 
wall. Eence, one misht expect that by using a double wall 
with an air space, the transmission loss would be much 
larger than for the sinqle panel and much sreater than the 
mei$ht relationship for homo&geneous panels would require. 

In table VII is Fresented results on tests of two 
Panels with an air space between them. 

The last column in the table is significant; it states 
the <ain in decibels of the double partition over the sin- 
418 homo$eneous partition which has'the same lyeight. For 
example, .consider test no. 26, in which two aluminum 
sheets O,Q25 inch thick were separated by an air snaco of 
0.50 inch. The transmission loss was 16.1 decibels; and 
the meiqht of the panel mas 0.70 pound per square foot. 
From fiqure 16 ve see that a homogeneous panel of this 
vei$ht would have.a transmission loss of about 21 or 22 
decibels, so that there has been an actual loss in insula- 
tion efficiency. In fact, not only is no. 26 less effec- ' 

- 
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tive than a homogeneous partition of the same weight, but 
it is fi1s.o poore,r than no. 11, in which only one sheet of 
aluminum was used. 

Thus, -it mill be seen that in practically all instances 
there is-a loss instead of a gain. The effect of. the air 
space, when ths panels are very close, is to actually in- 
crease the transmission of sound. The difference between 
these results and our idealized situation of the three 
rooms is to be ascribed.to the proximity of the two gan- 
els. For one thing, a good share 0.f the vibration of the 
first panel is transmitted throuqh th,e frame or common 
support on which the two are mounted; and secondly, the 
air space for these panels acts as a sort of elastic sheet 
which couples the two faces together. As the weight in- 
creases, however, the effect of the air soace becomes less 
important, .so that a gain in transmission loss is experi- 
enced as, for example, no. 32. 

No. ,30 is interesting as it suqgests a clue as to 
what is to be done to remedy the situation. Insulite is a 
sound-absorbins material, hence, in no. 30 the sound level 
existing between the two partitlons has been decreased with 
a consequent increase in insulation. What is needed then, 
is: 1) to absorb the sound energy uresent in the.air 
space, and 2) to break the elastic-tie mhich exists bo- 
tmean the two walls as a result of the air space. For 
these reasons, various absorbent layers were placed in the 
air space, First, fibrous boards such as Celotex and In- 
sulite, mere tried. Chile there was an improvement ov8r 
similar tests on the double wall with air space, the trans- 
mission loss was still 5 decibels less than that for a ho- 
mogeneous panel of the same weight (test nos. 33-36, ref- 
erence 33). For the low-density materials such as Balsam 
Wool ( hair felt, and cotton, the following results were 
obtained (table VIIL). 

"The cotton, hair felt, and l/2-inch layer of balsam 
wool are seen to qive no improvement over a panel of equal 
weight. The thicker layers of balsam WOOL are seen to 
give an improvement of 5 decibels on the average." This 
reduction is what would be expected from a panel of more. 
than twice the weight. Another series of panels was meas- 
ured usin% a dry zero blanket, which is a product made of 
ka_nok and is very light, having a density of 1.14 gounds 
per cubic foot. The results are given in table IX. 

The largest.qain was experienced in sane1 no. 50 but 
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. 

it must be ruled out in this comparative. series of measure- 
ments, since it was not of the same size as the other pan- 
els. The best panels from the Doint of view of highest 
transmission loss for least meight aro.nos; 49 and 51, both 
giving a transmission loss of about 30 decibels with a 

. mei<ht of 1 pound per square foot. No. 51, homever, has 
the disadvantage of having a highly reflecting interior 
surface, so that veryvlittle sound absorption nil1 occur 
in the cabin. ,In general, the. dry zero causes a net in- 
crease of 5 decibels, which is about the same as experi- 
enced with balsam wool-, the dry zero panels, btowever, being 

K usually lighter. Two other important points should be 
noticed. If,the dry zero is compacted, as ifi no: 53 the 
reduction will be reduced as there is then a mors'soiid 
tie between the tmo surfaces, the tacked-in material act- 
i:ng to communicate the vibration f%om the front surface to 
the rear su.rface. In the ttro.lightest panels, nos? 44 
and 45, the dry zero is not as effective as in the heavier 
panels. However, if panel 44 be compared with 22, there 
is an increase of 9 decibels. 

: 

.- 

The results presented in ta3le IX are, in general, in 
accord mifh a theory of Meyer (reference 7) on multiple 
partitions. This theory is of interest to us as it points 
Out the limitations and possibilities in the use of this 
type of construction. It wi-11 be briefly summarized here. 

Each partition with its accompanying air space (or 
absorbent-filled space) is coasidered.as one of the iter- 
ated elements of an acoustical-mechanical system which may 
be' represented by an analogous electrical circuit for 
mhich the mathematical solution is known. At law frequen- 
ties, such. a combination has a small transmission loss. . 
However, there exists a certain frequency (the "high- 
frequency cut-off") qivcn by 

where 
fC 

376 = ---de 
46-i 

fC is cut-off frequency in cycles per second. 

m, mass per unit area of one mall in g/cm2. 

'1, spatial separation betmeen two successive 
partitions, 

‘:for which the transmission loss rises rapidly. 

(16) 
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Fieur'e 18 (reference 7) shows some results obtained on 
a) a 15-sheet cellophane wall with an air space of l- 
centimeter and .b) a wall consisting of 3, 5, and 10 sheets 
of roofing paper with 1 = 2 centimeters. The cellophane 
is so lisr,ht that the cut-off frequency is 6,700 cycles; a 
noticeable rise in the curve is evident at this frequency. 
For the roofing saper, f, is reduced to 800 cycles ger 
second because of the increased weight and air space. It * 
rail1 be noticed that all of the b curves start to rise 
in the vicinity of 800 cycles per second; furthermore, for 
frequencies below this frequency the threefold, fivefold, 
and tenfold mall qive about the same results for the trans- 
mission loss. It is only for frequencies above f, that 
the curves separate. Some other data of Meyer (fig. 6 of 
reference 7) on par,titions having one, two, three, four, 
and five layers of plywood, show the same effect - no dif- 
ference for frequencies less than f,, mith a consider- 
able s?readfng for frequencies greater than, f,. 

Hence, to make an effective double wall, the mass 
should be as large as possible and the air space should be 
large. This will'make the cut-off frequency low and hence 
the transmission loss versus frequency curve mill rise 
sharply. In the light-weight-partitions measured at the 
NBS, f, was relatively high. Thus, as an exgmple, for 
panel 27 consisting of two aluminum sheets with an air 
space of 1.75 inches, f, was 780 cycles. Since the 
highest frequency at which the measurements were taken was 
about 1,000 cycles, the value at 1,OOO'would not be much 
different from the other two measurements. In panel 32, 
fC = 68C; the transmission loss at 1,000 is considerably 
greater than that at the other two frequencies. 

The effect of the sound-absorbing filler is to absorb 
sound waves which travel to and fro in the enclosure par- 
allel to the wall surface. If this is so, it should not 
be necessary to fill the entire space with absorbent, but 
placement around the boundary should be sufficient. This 
was done on the multiple plywood wall with a result simi- 
lar to that obtained with the air space, except that the 
curves arose much more stee@ly for frequencies greater 
than the cut-off. Furthermore, comparison between the re- 
sults obtained on a multiple wall with three plywood sheets 
Jvhen the whole enclosure was filled with cotton waste and 
Then only the boundaries mere lined, showed that they had 
Practically the same transmission loss. Fiqure 19 shows 
the effect of the introduction of the cotton on the bound- 
ary as comgared to the empty air space. 

. 
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The fact that it is possible to qet such a sizable 
increase in insulation efficiency merely by placement of 
material around the edqes should be of considerable ad- 
vantage in ‘reducing the Peight requirement,for soundproof- 
ing cabins. The author is not aware of the application 
of this principle to airplane insulation. 

Most of the insulation schemes horn in use may diI'fer 
somewhat from those particular constructions listed in 
tables VI, VII, VIII, and IX; however, these tables are 
useful in estimatin$ the approximate value of any conten- 
platid partition by comparison of the desired construction 
with a similar panel listed in the tables. This is a risky 
proce.dure sometimes so that it is always advisable to get 
the transmission loss by direct measurement of a sampls 
partition. 

Several investiqators make use of a method which will 
give-the relative values of different partitions. In gen- 
eral, this scheme consists in placing the partition b.e- 
tureen two small enclosures. The difference in level which 
is observed is taken as the insulation efficiency of the 
partition. Il. P. Loye (reference 28) of the Electrical 
Research Products, Inc., of Hollywood, California, reports 
a number of such. relative measurements. H. Sruderlin of 
the Douglas Aircraft Company, of Santa Monica, California, 
has a method in which the source room is a 2-foot cube. 
PhonoTraph records of airulane noise araused for a sound 
source, so that the over-all noise reduction is obtained. 
In a private communication to the author, Sruderlin states 
that over 300 variations of airplane partitions have been 
compared in this way. For puruoses of standardization, a 
panel having a known transmission loss should be measured 
SO that all data may be referred to it. F. K. Teichmann 
(reference 29) hns measured various felts in this may by 
usins a rectangular box of two equal compartments. The 
openins used was about 21 square inches. 

'Arbitrary measurements of this nature are fraught 
with 'difficulties in the interuretation of the results. 
For one thing, the absorption of the panel face is not 
separated from the transmission loss characteristic of the 
panel. In addition, if the size of the panel is small it 
may be much stiffer than the fairly large-size unit typi- 
cal of an actual construction. For a small-size panel, 
the way in which the edses are clamped sometimes makes 
quite a difference. Sound-pressure measurements made 
close to the panel may be deceiving because of the stand- 
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ing wave system existing at its face. If the two halves 
of the box in which the measurements are made are not iso- 
lated from each other, there may be more sound transmitted 
through the box walls than through the panel, especially 
if the former are not heavy.' To establish whether the ar- 
bitrary method places different panels in the same rela- 
tive order as the absolute me,thod, several'ganels, say 
three or four, whose absolute transmission.losses are 
known, should be compared by the relative method. This 
mill give an insight into the reliability of the results 
so obtained. 

To give the. reader some idea of current practice in 
the soundproofing of aircraft, table X is given. This ta- 
ble has baen taken from a report (reference 35) on the 
physical properties (from the textile technologist's view- 
point) of the-various insulating materials;.the report was 
prepared by the engineering section of the Air Corps at 
mright Field. 

Data on the transmission loss and absorption coeffi- 
cient of the various soundproofing arrangements listed in 
table X have not been found in the literature.' 

D. Soundproofing Procedures 

In Fredicting the noise reduction to be expected from 
any given treatment, we must, then, have a knowledge of 
the two quantities G and 2. Hoaever, since these two 
quantities vary with frequency, the question arises as to 
what frequency should be considered typical - how should 
the coefficients be averaged? To answer this question, it 
is necessary to have a frequency analysis of the naise of 
the airplane. If the energy is fairly well distributed 
among the. different frequencies, then the average transmis- 
sion loss and the average absorption coefficient will suf- 
fice. If the noise predominates at certain frequencies, 
then an averaqo'over the dominant frequencies mill give 
good results. Asan illustration, me quote Zandls figures 
on the Douglas DC-1 (reference 31), in which the energy 
betwpsen 64 and 512 cycles is 10 decibels above the energy 
between 512 and 8,192. 
equation (11): 

To get the noise reduction, we use 

hbsorption Noise reduction = 10 logI ~-ns;;;~~;an 

The absorption coefficient was taken at the predominant 
frequency. Table XI gives these data. 

c 
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This predicted reduction aqrsed with the actual re- 
duction to within 3 decibels. For purposes of calculating 
the contribution of passengers and chairs, a figure of 3 
to 4 units of absorption per seated Fassenger may be used 
(reference 9). This fiqure includes the absorption of the 
chair. 

Zrom the calculation above, we.may illustrate the-very 
important effect of an openinq or highly transmitting sur- 
face, such as an open window. As an example, suppose a 
window is partially open., so that 1 square foot is exposed. 
The transmissivity of an open window is unity, so that the 
total transmittance is increased from T = 0.535 to 1.835. 

Xoise reduction = 10 logLo $z& '= 25.1 decibsls 
. . 

That is, 1 square foot of open surface in 860 will cause a 
re,duction in efficiency of a little more than3 decibels. 
If there are small openings in'the cabin, leaks, ventilat- 
inq system ports, etc., their combined area may be readily 
equivalent to the effect of 1 square foot. 

The influence of a small opening is dependent on the 
ratio of the size of the opening to the total transmitting 
surface, and on the transmissivity of the walls. It may 
be .shomn (p. 52, reference 38) that if the openins has an 
area s, the panel an area 5, and the transmissivity of 
the panel is T, the noise reduction ail1 3e decreased by 
10 log,, 

( 
sl 1 + 5 ? 

> 
decibels. Thus, if s/s = 7, the re- 

duction tvill be decreased by 3 decibels. Using 3 decibels 
as the maximum diminution in level which is permissible, 
778 can say that for a cabin Rhich has a 20-, 30-, 4%decibel 
transmission loss, the ratio of the total area of openings 
to the total cabin surface should not be greater than 0.01, 
O.OCl, O.QOOl, respectively.' 

Davis (reference 26) has. calculated the noise levels 
to be expected within cabins of various airplanes on the 
basis of the theory'outlin.ed here. Usually his calculated 
values asreed with the observed values to within 2 decibels, 
although some results differed by as much as 5 decibels. 

If the noise spectrum of the airplane is known, it is * 
Tossible then to -predict the level within the airplane. 
However, in the event of lack of this information, a fre- 
quency.analgsis should be taken. Figure 20 (reference 30) 
shows a frequency analysis of the German.Focke-Gulf air- 
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plane F.V.-200, before and after treatment (curves 1 and 2) 
and the treated Neubau Ju-52 airplane (curve 3). It will 
be seen that the noise predominates at the lowest frequen- 
cies and that the treatment (on the F.W.-200) is more ef- 
fective at the high frequencies. It will be noticed that 
the noise reduction varies from about 15 decibels at the 
low frequency end to about 30 decibels at the hiqh end. 
Furthermore, reference to the loudness contours of the 
ear (fie;. 2) shows that the loudness.level which the ear 
experiences for these various frequencies is very close to 
the noise-level 'curve given here. This is because at these 
high levels of about 100 decibels, the ear res-ponds about 
equally to all frequencies. Thus the low-pitched notes 
contribute heavily to the loudness. 

Zand (reference 32) describes.a method in which the 
bare airslane is first flown; a series of vibration am- 
plitude measurements is taken at various parts of the air- 
plane, Upon landing, particularly bad panels having con- 
siderable vibratory motion are reinforced with bracing. 
In the particular airplnne cited in Zand's paper, this 
treatment resulted in a 3-decibel decrease in level for an 
expenditure of 4.4 pounds. 

The airplane nas divided into 36 stations, at each of 
which noise-level readings were taken, and at three of the 
stations a frequency analysis of the noise was made. This 
latter showed that the predominant noise existed at the 
fundamental frequency of the exhaust (14x-2100 = 163 c-y- 

2 x 60 
cles, 14-cylinder engine running at 2,100 r.F.m.) and of 
the Dropeller (~-~--$=~~ x -$ = 70 cycle's , three-blade 
_nro?eller with gearing). It was found both in the vibra- 
tion and sound measurements that the vibration amplitude 
and noiso level were maximum in the front of the cabin, 
minimum in the middle ree;ion of the cabin, and average at 
the rear. These three sections were treated differently: 
section .A, the noisiest section, rag troatad with material 
which was glued onto the skin and is a very sood vibra- 
tion damper: section B, of minimum noise level, was treat- 
ed with a similar but liqhter vibration absorber which is 
sufficient to damp light vibrations; and section C, of av- 
erage vibration level, was treated with a similar materip 
of intermediate properties. The materials used mere kapok 
with a lar$e percentage of uaper sulp in it. This treat- 
ment produced a reduction of 6 decibels. 
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For the reduction of noise an intermediate layer of 
kapok was installed. This layer was installed so as to 
"float" in the air space between the first layer and the 
cabin trim. For the position of maximum noise, three 
layers of kapok were used, :average noise two layers, mini- 
mum noise one lager:. Adjusting the treatment to the in- 
tensity level has several advantages: It makes the level 
uniform throughout the cabin, so that there are no favor- 
ite seats; it involves a saving in weight as the weight is 
distributed mhere it will do most good. 

After this treatment the noise level was again meas- 
ured and a frequency analysis made, showing that the high- 
frequency component had been fairly uniformly attenuated. 
In different parts of the cabin, however, the low-frequency 
components were still troublesome. To secure low-frequency 
absorption, a stretched membrane of doped airplane fabric 
was used.for the cabin trim and was backed by a damping 
layer of'felt. The Ce<ree of stretch may be controlled to 
give a maximum absorption coefficient at different frequen- 
cles. Thus, for section A, an absorption coefficient of 
55 percent was obtained at 64 cycles, for section B 70 per- 
cent at 256, and for section C 50 percent at 128. The 
noise levels ware then measured again; the average reduc- 
tion with this completed treatment was 24 decibels and the 
airplane was quite comfortable. 

Figure 21 is taken from Zand's paper and shows the 
levels at different positions after the various treatments. 
The sound levels qiven are with a reference level of 1 
millibar root-mean-square sound pressure; to convert to. 
the standard reference level, approximately 14 decibels 
should be added, The actual average noise le'vel in the 
airplane was 83 decibels above a reference level of 10-l' 
watts per square centimeter. Vhen loudness level measure- 
ments were taken, the level was 79 ghons. In figure 22. 
the _u.rogress of the noise reduction at different f'roquen- 
ties and at different steps in the procedure, is indicated. 

Spain, Loye, and Templin (reference 28) describe a 
method in which a continuous record of the sound level at 
various frequencies is obtained. In this method a high- 
speed sound-level recorder in conjunction with a continu- 
ously variable frequency analyzer is used. The frequency 
analyzer is arranged so that it sasses all the frequencies 
within a 20.0-cycle band, with t'he frequency marked on the 
scale as the center of the band. A motor drive is arranged 

-on the analyzer so that this.canter saint is continuously' 
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varied. The sound level at t,he various frequencies is re- 
corded on waxed gaper by the recorder. An adjustment is 
provided to change the band width to 2Q cycles. When the 
record is taken with the 20-cycle-band width, the Various 
harmonic components of the engine explosion, crankshaft, 
and propeller.noise show up. This qives:Very valuable in- 
formation as to the relative values of different comgonsnts 
in different sarts of the airplane. For example, in the 
silotrs compartment of one airplane, the fundamental of the 
propeller plus the second harmonic .of the crankshaft are 
domingnt to the extent of being 30 decibels above any other 

-frequencies, vhile in the cabin the importance of these two' 
components is very much diminished. Figure 23 shows a tyF- 
fcal record taken in this may. 

By using a vibration pick-u@ in conjunction with this 
apparatus, a contl'nuous record of the relative amplitude 
at different frequencies may be obtained. A frequency anal- 
ysis of the fuselase vibration can then be taken in both 
the -oilotIs and passenqers' compartments so that the effect 
of proximity to propsller or engine noise may be studied. 
Such a study of.noise and vibration will give an insight 
into the relative amount of noise which arises from strut- L 
ture-borne. vibration and that which arises from air-borne 
sound. 

Different sections of the fuselage may radiate sound 
in different amounts so that certain surfaces radiate an 

* inordinate amount of sound. It is desirable to be able to 
measure the contribution from a given area irrespective Of' 
the sound Froduced by an adjacent area. To accomglish 
this, Spain, Loge, and Temglin (reference 28) provide the 
microphone with a special attachment,as a.result of which 
the sound-radiation characteristic of a-limited area only 
is measured. The results of such a noise survey showed 
that the ceiling.radiated less on the average, the surfaces 
below windows Gere 9 decibels above the average, etc. 
Hence, the.materi.al could be distributed most effectively 
in accordance with these experimental findings. 

To carry the noise analysis to its lot=ical conclusfon, 
it is necessary to know which of the three major noise ' 
sources - the propeller,. engine, or aerodynamic disturb- 
ances i contributes the most energy. The above authors 
indicate a procedure which suffices to separate the total 
noise into these three components. With the aid of this 
analysis figure 24 was obtained for'an airFlan8 with a 
three-blade.Seared proFeller: .It shows that, in this case, 
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c the proseller noise was below both engine noise and aero- 
dynamic noise. Fora direct-driven propeller, the ?rogel- 
ler noise gredominnted. On another airplane with a lower 
tip speed and a stiffer enqine mounting, the ensine noise--- 
was greatest. The latter ty.pe of airplane, when fitted 
wit2 a two-blade.direct-driven propeller, showed that for 
low r.p.m., the engine noise was loudest, but for 1,830 
r.s.m., the propeller noise was dominant. 

As the principles and experimental knowledge enunci- 
ated in the foregoing became better known, it was natural 
that increased riding comfort continued to be secured with 
decreasing expenditure of weight. Diminishing noise level 
and meiqht allowance per passenger sent hand in hand. 
Fiqure 25 shows the result of Zand's (reference 32) sound- 
Droofing Fork on airplanes. In the Vibault 670 the noise 
level is approximately 79 decibels (above lo-l6 tvatts Der 

-. 

sq. cm), the expenditure of weight per passenger only about 
12 sounds. The.weiqht of soundproofing ranges from about 
2 percent for smaller airplanes to 1 percent for very large 
airplanes. In the Douglas DST (reference 221, an airplane 
of 24,003 pounds, the meiqht of treatment was 204 pounds, 
only 3.85 percent of the total weight; the sound level was 
79 decibels. AIL of the published literature indicates 
that the fiqure of 79 decibels and weight treatment of 
about 12 pounds per Fasserger is very close to a fiqure 
lvhich would seem to be difficult to better. Bruderlin 
(reference 22)predicted a noise level of 77 decibels for 
the Douqlas DC-4 at 65-percent ;power; the actual level ob- 
tained is not knorvn to the author. The German Focke-Gulf 
F.'J e-200 airplane (reference 30) used only 7.7 pounds of 
soundproofing per passenger but the sound level would seem 
to be about 82 decibels. As we have stated before, the 
current practice with most m.anufacturers is for the sound 
level in the cabin to range from 83 to 91 decibels (refer- . 
ence 35). 

The possibility of still further reducing the weiqht 
allowance would seem to hinge on the potential application 
of the theory of Meyer which me have already discussed 
( P. 43). Keyerrs research indicates that, in the usual 
soundproofing construction in which sound-absorbing materi- 
al is placed between fuselage and cabin trim, it should be 
necessary to distribute the material at intervals only. A 
continuous distribution of material would not seem to be 
necessary. The applicability of this scheme to aircraft 
needs furt'ner investigation. 
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Chile we have devoted our chief attention to discuss- 
'ins tile attainment of quiet in the cabin, it is evident 
that the silot*s compartment should not be neglected. The! 
air-line silot mho is subjected to unending noise daily, 
is bound to suffer fatigue and a loss of efficiency. In 
commcrcisl transport airolanes the noise-level in the pi- 
lot's quarters varies from 85 to 102 decibels, l:hich is 
indicative of the trend tomard quiet cockpits. 

The, author is indebted to V. L. Chrisler and P. R. 
Hey1 for many valuable s,u<Kestions and criticisms of this 
paper, and to S. J. Zand., mho provided considerable useful 
information. 

National bureau of Standards, 

Neshin<ton, D. C., December 9, 1939. 
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‘I.kXZ I. Ec’oise end “ComfortU’ Level of Different Vehiclss,at Various Speeds 
-- 

Year Vehicle SDeed 

l- 

i 

I 

t 
A- 

loise level at 
this speed, 

loise level 
et maximum 

speed, 
decioels 

Comfort level 
et maxi!Jnlm 

speed 

A1 

A 

A 

C 

B 
C 
A 

C 

D 

C 

E 

E 

F 

Zonver- 

sation 
level 

Pl 

a 

a 

d 

m.p.h. decibels 

Yaxinnzn 
speed 

124 250 129 

ti5 

l20 

95 
--- 

110 
55 
65 

ec. 

1935 
1929 

1928 

1927 

1934 
1933 
1918 
1925 

b-engine bomber 
3-engine l2- 
passenger 
transport 

S-engine 6 
pesserger 
transport 

4-engine 30- 
passenger 
trsoeport 

Rsilpay car 
Railway car 
B.Y. subway 
U.S. Fullman 

slemer 

MO 

110 

105 

75 

100 
85 
50 

55 

40 

40 

40 

40 

119 

117 

94 

104 
96 

104 

a2 
1930 

1933 

1933 

1934 

74 70 

73 70 

68 56 

70 w ---- 
1929 Ocean motorboat 

ceoin class 23 49 30 

1Comfort level: A - very painful, B - very Wcomfortaule, 

E-cylinder 
passenger car 

F-cylinder 
de luxe passen- 
ger car 

V-16 passenger 
car 

V-l2 gmsenger 
car 

l29 

114 

99 

109 
101 
114 

94 

90 

54 

79 

84 

69 

C- uncomfortable, D- slightly 
uncomfortable, E - comfortaole, F - very comfortable. 

Conversation level: a- impossible to converse even by shouting, D - passiDle oy shouting, 
C- possible with effort up to 5 ft., d - possible rith.slight effort 
up to about 8 ft., e - norms1 conversation up to about 15 ft., f- 
conversation in low tones possible. 

ol 
m 
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TABLI IV I 

Absorpliw Ooeffiaienta of Light-lai@t Aameticel Materials1 

AkouetlkoQ felt 

- 
mhot's @lilt 

Xapk (Rims Java) 
xrllko 

ET? 
atolla 
s. smmk 

f 
s- Paper oo., ohlaago, Ill. 

: 

0. 8. aypam CJO., ohioago, Ill. 
e- Paper 00. 
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TABLI V I. 

Thermal Conductivity of Light-Weight Acoustical Materials ------ 

Name Density k 

Balsam Wool 

Caootls Quilt 

Cellufoam 

Dry Zero Blanke 

Firtex 

Glass Wool 

Glass Wool 

Insulite 

"K" felt 

Kapok between 
ourlap 

Kwilko 

Seapak 

Stonefelt 

Tropal 

(lb,/cu.ft.) 

2.2 

'3.9 
-I ,4.6 

1.73 

1.9 

14.4 

1.78 

1.50 

12.0 

5.3 

0,27 

.25 

.26 

.I%9 

.23 

0.28 to 0.31 

.36 

.27 

-30 

.21 

1.0 24 

1.0 .24 

5.1 .26 

2.7-3.0 .25 

3.0 .23 

Mean 
temper- 
ature 

OF. 

50 

90 
so > 

109 

91 

75 

E-0 

Authority 

US 

NdS - 

NBS 

J. C. Peebles 

V. 0. Knudsen 

NBS 

J. C. Peebles 

V. 0. Knudsen 

J. C. Peebles 

NBS 

J. C. Peebles 

J. C. Peebles 

Johns-Manville 

National Physical 
Laboratory 
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TADLIE VI 

Single Panels of Homogeneous Materials 

Material 

1 . . ; G 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

20 
21 

Trapping paper 
Aluminum 
Airplane fg brie' 
Balsa wood 3 
Balsam 2001 
Micarta 
Alclad 
Balsa wood2 
Duraluminy 
Balsam wool 
Aluminum 
Insulite 
Insulite 
Plywood 
Celotex 
Plywood 
Insulite 
Galvanized iron 
Double strength 

glass 
Duplate glass2 
Plate glass 

T 

I 

, 

Thick, Teight 
ness ilD./ 

(in. > sq. ft.) 
T Transmission loss in decioels 

at frequency oands of - T 
150-220 400-470 --- --- 

1.6 1,F 
5.5 6.6 
5.3 5.7 

10.9 10.5 
7.4 9.5 

12.4 12.8 
9.6 15.8 

11.5 14.5 
16.6 16.4 
9.8 11.2 

16.1 17.3 
20.9 16.3 
14.8 16.7 
17.5 18.7 
17.1 20.3 
18.6 20.8 
21.4 23.3 
24.5 25.7 

1000-1120 
Ave&ge 

0.006 
,006 

.25 

.50 

.047 

.50 

.020 
1.00 

.025 

.25 

.31 

.I.25 

.44 

.25 

.5c 

.03 

0.017 
.075 
.lO 
.16 
.20 
l d ‘3 
.30 
.30 
.33 
.33 
.35 
.36 
.43 
.52 
.63 
-73 
.75 

1.2 

2.3 1.9 
8.3 6.E 

11.2 7.7 
l-2.6 11.3 
9.5 8.8 

15.7 13.6 
16.9 14.1 
14.3 13.4 
16.1 16.4 
16.4 12.5 
20.3 17.9 
20.3 . 19.2 
22.0 17.8 
21.8 19.3 
24.0 20.5 
24.5 21.3 
25.C 23.2 
26.6 25.5 

.13 1.6 24.7 27.0 32.0 27.9 

.094 1.8 25.3 28.6 30.8 28.6 

.25 3.65 28.7 32.9 34.2 31.6 

fDoped five times, varnished twice. 
2Por these materials the frequency bands Eere 150-180, 400-440, and 

1000-1093 cycles per second. 
3 Paper each side. ' 
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22 

23 

24 

25 

26 

k7 

28 

29 

30 

31 

32 

- 

Front panel 

Katerial 

Airplane, faDric 
doped’ 

do.’ 

Alumi numl 

do.’ 

do. 

do. 

do.’ 

Plywood 

Insulite 

do. 

Double-strength 
glass 

Chick- 
IX68 

(in.) 

Lo25 

.o25 

.o25 

.025 

.025 

.I25 

.50 

.50 

.125 

Rear pane: 

Kate&31 

Imitation 
leather 

Uicarta 

Imitation 
leather 

Micarta 

~lUml7JUll 

do. 

Plymetal 

Plywood 

Ineulite 

do. 

rlouole- 
strength 
glass 

* , 

TAKGFI VII 

Two Panels with Air Space 
--- 

‘hick- 
net36 

[ in..) 

Air 
spect 

tin.) 

1.75 

Weight 

lb./sq.ft: 

0.28 

Tra.nsmission loss in 
decibels at frequency 

lands o c 

m-470 

Aver- 
age 

kin 

,I 5O-22[ 

9.8 10.2 

lOc&ll% 

13.2 11.1 -3 

I.047 1.75 

1.75 

1.75 

.50 

1.75 

1.75 

1.76 

1.75 

0 

.50 

.33 

.53 

10.0 

13.0 

11.7 

15.1 

14.5 

19.3 

12.1 

15.8 

.047 

.o25 

.o25 

.58 15.0 16.2 21.8 17.7 

.70 14.5 15.1 18.6 16.1 

.70 13.2 15.5 16.0 14.6 

.ai la.5 18.2 23.9 20.2 

1.04 19.9 18.8 26.5 21.7 

1.5 26.2 29.0 37.6 30.9 

1.5 24.0 25.8 29.7 26.5 

3.2 29.1' 27.5 42.8 33.1 

H 
m 

-5 
k 

-7 r 

-1 5 

.125 

.50 

.50 

.125 

-3 2 
cl- 
al 

4 
2 -1 . 

2 ;p" 
m 

'For these q ateri&a the frequency bends were 15O-EO, 4OO-44O, and 1000-183 cycles per second. 

I 

1 I 

i 
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TABLE VIII 

Composite Panels with Baleam Wool, Pair Felt, end Cotton 

I 

* I 

- 

Front panel 

katerial rhi ck- 
new 

iin.) 
- 
37 Alumi mm La25 

38 do. .025 

39 

40 

41 

42 

43 

- 

do. .025 

do. .025 

do. ,025 

Plvwood 

Alun;imlm 

.125 Seme a.8 39 Plywood .125 1.57 31.4 32.2 

.025 

i 

- E 

- 

&in 
leer panel 

Materiel 

Trenmission loss 
in decibels at Chick- 

ness 

(in.) 

Weight 

lb./aq.ft, 

Filler 

Alwninum 1.025 0.90 

do. ,025 1.20 26.0 24.5 

Il.20 

i-i.8 -t 21.5 

29.4 26.6 

do. .025 1.23 20.e 27.6 41.8 30.1 

Insulite .31 1.31 20.3 

Aluminum .025 1.31 20.? 

30.9 

26.9 

43.9 31.7 

43.7 30.4 

40.6 34.7 

Aluminm .025 2.06 26.8 23.1 

.&iuch bslsam wool, 
paper each side 

4 layers &inch 
cotton separated 
DY paper 

$-inch oalsam wool, 
paper each side 

l-inch balsam wool, 
paper each side 

do. 

Seme ea 39 with 
O.OOE-inch alum 
im in center 

2 layers l-inch 
hair felt 

-2 

1 

4 

5 

4 

7 

0 



Con 
- -- 

Front panel :ear pane: 1 1 Transmlsnion loss 

Material ’ 
Phi ck- n Chick- in decibels at 1 
ness Filler Material 

T 

ness 
(in.1 (in.) 

!E& nds 0’ --1 
li?QO- 

470 1120 
- I 

44 Airplane fabric’ :-inch dry zera Imitatioi 0.47 16.1 17.8 27.2 
leather 

, 
% . 

45 do.’ do. Micarta 1.047 .52 17.5 19.6 27.1 

46 Aluminum1 3.025 do. Imitation .72 19.9 25.7 35.0 
leather 

47 do.’ .025 do. Micarta .19 l 77 21.9 25.9 36.5 

48 do. .025 do. Aluminum .CE5 .89 22.5 23.2 33.7 

49 do. .025 do. Insulite .31 .97 26.7 25.9 37.6 

50 do.2 .O25 do. do. .31 .97 28.6 35.6 45.0 

51 do.l .025 do. Plymetal .l25 1.00 26.6 30.5 36.5 

52 do. .025 do. Plywood .L25 1.06 27.0 27.5 34.9 

53 do. .M5 ! layerrr a-inch Alumi nom .025 1.08 24.3 24.0 32.7 
dry zero 

54 Plywood .I25 S-incFh dry zero Plywood .l25 39.4 

i- 

1.23 129.1 26.9 

For these materiels the frequency bends were 150-189, 460-440, and 1000-1893 cycles per second. 

28.1 

26.5 

30.1 

36.4 

31.2 

29.8 

27.0 

31.8 

IPc 

. L 

TABLE IX 

Isite PAnels with Dry Zero Blanket 

Aver- 
age 

:ain 

20.4 
-- 

2 

21.4 2 

26.9 5 

6 

3 

6 

12 

7 

5 

2 

6 

‘Large panel, 70 my 84 inches, l-314 by l-3/4 inches framing every 16 inches running the shorter way. 
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TABLE x 

Chart Showing Ma.tarials and Methods of Applying Sound and Heat Insuletion 
to Ailplanes as Used br Various 1 tanufacturers 

Airplane model 
end Manufacturer 

Yaterial 

Curtis+Bright Insulite, l/S- by l/4 
(Condor) inch thick, flameproof 

Casement cloth 

Douglae 
(Transport) 

Seapak 

Latex cement 

Lockheed 
(Model 12) 

Seepak 

Akoustiko8 

Sikorsky 

Latex cement 

Seipak 

I Twe K felt 
Ehioat ex 
(Cellular sponge) 

B-C sound deadener 

Neoprene cement 

Vult ex cement 

Kanufacturer 

Insulite Mfg. Co., 
Minneapolie, Yinn. 
Seaman Paper Co., 
Chicago, Ill. 
DoDecknum Company, 
Cleveland, Ohio. 
Dry Zero Corp.,@ceg 
American Felt Co,, 
chicogo, Ill. 
L. C. Chase B CO., 
New York City or 
Moss Roae, Inc., 
Philadelphia, Pa. 
SeEscan FaperX.7 
Chicago, Ill. 
Billings-Chapin, 
Cleveland, Ohio -- 
Seaman Pager Co., 
Chicago, Ill. 

Billings-Chepin, 
Cleveland, Ohio .- 
Seaman Paper Co., 
Chicago, Ill. 

do. 
Virginia Rubatex 
co., Bedford, Va. 

Billings-Chapin, 
Cleveland, Ohio, 
Du Pont Company, 
Arlington, N. J. 
Vultex Chem. CO., 
Cemoridge, Mass. 

- 

Location and method of application 

Cabin: Insulite and Seapak nailed 
to wooden cabin framing. 

Ventilating system: l/S-inch felted 
kapok covered with pliofilm, 
Cabin: two l-inch dry zero blankets 
next to hull, various thicknesses 
of felted kapok, casement cloth. 
Material supported by hooke which 
are riveted to fuselage. 

Sealek is attached to hull with 
latex cement and may be reinforced 
oy metal strips. 

Material is glued into place with 
DUlllDUUl. 

:abins and Cockpits: Seapak and 
‘elt cemented to metal surface with 
rultex cement. 
tubatex attached directly to sides 
md deck, covered with neoprene 
:ement . 
iprayed directly to skin 

iprayed or oruohed on rubber. 

;prayed or brushed on metal - not 

-.l 
IP 
al 
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TABLE XI 

Areas and Coefficient of Absorption of the Douglas DC-1 
-----m-B------_ 

Component surface 
-------_I--v- 
Ceiling 

Area 
sq.f.t.) .-w----m 

240 

Front bulkhead 45 

Side malls 260 

Rear walls 

Rug " 

65 

30 

12 passengers at 
3 sabines* 

12 chairs at 2.8 
sabines 

Parcels.- trim, 
curtains 

- 
XT, at prsdomfnant 

. frequency --1--- -- 
0.82 

.a7 

.79 

.87 

.28 

Bbsorption = 
* a x area ---_L- 

197.0 

,39.Q 

205.0 

56.5 

8.4 

36.0 

33.6 

15.0 
Total. absorption = A = 590. sabLnes -. 

----__ ---- p--e- 
*The product q X area gives the number of units of ab- 

sorption or the number of sabines. 

Areas'and Transmfssivitles of the Douglas DC-1 
e------H--. 

Component surface 
---m-m----- 
Cabin, including 

floor 
12 windows and 

2.25 sq. ft. 
Doors - very good 

closure 

t 
1 

Area 
(sq.ft.1 ------- 

805.0 

27.5 

24.0 

T 

0.300678 

.00875 

.Or)O24 I 
- 

Transmittance = 
I x area -- -. 

0.5454 

.2400 

.0496 
Total transmittance = T = O-8350 

-------1--- --- -c--- -- 

Noise reduction in decibels = 10 logl, i = 10 lO%o-$ji = 
1. 

213.5 decibels. 
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~ 

130 Threshold of painful eounds; limit of 
earls endurance. 

-'- 120 Threshold of feeling (varies with frequency). 

Airplane motor (1600 rpm ) 18 feet from propeller. 
110 

. I 

Express train paasing at high speed. 
-.- 100 Loud automobile horn 231 away. 

- s-0 

80 

70 

60 

50 

40 

30 

New York subway. 
Motor trucks 15' to 50t. 
Stenographic room. 

Average busy street. 
Noisy office or rieoartment store. 
Moderate restaurant clatter. 
Average office 

Soft radio music in aartment. 
Average residence. 

20 Average whisper 4' away. 

10 Rustle of leaves in gentle breeze. 

Threshold of audibility. 

Figure l.- Decibel scale of sound intensities. 
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arequency in cycles 9ef seconl 
#igure 2.- Louhess level contours of the ear; each contour 

represents all the tones which are equally as lout 
as a 1000 cycle per second note. For exaqle, an 80 cycle per 
aeconj. note at 70 ?ecibels sour& as loud as a 1000 cycle note 
at 50 -decibels. 

im, I 
I 

-_ t .-- __-._ - 
,:. : 

-_ em -. -' 
2 00 

100 I i -1 I 

80 

60 

40 

20 

0 

-10 
-20 0 2c)* . 40 60 80 100 120 

Intensity level,db 
Figure 3.- Loudness level of pure tones at different intensity levels, 



T 

-_ 
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-L 

I 
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! 

I 

i i 

-r 
t 
+- 

i 
! 

t- 
I 
I 

J- 

I-.‘-- 
4 6 8 100 2 4 6 

Fre@ency , c-p. 8. 
IQure 4.- Loudness level cmtdurs of the sound. level mater; for emu&., a 100 cycle note at 75 db mill ,b 

g.vo the WAle real!rlg a8 1,000 cycle note at m d5. 

I 
. 1 
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1T.A.C.A. Technical Xotr Y- -"^ 
t 105 

Figs.5,C,? 
Percent loudness reduction 

Loudness level re- 
duction in phons; 

d'izure 6.- Relative l~uiness 
reduction as 

judged by the ear for differ- 
ent reductims in loudness 
levels. 

.gure 5.- Lmdness sensation 
3f iSi6 observer at - 

80 100 diffzrmt l;rudnass levels, 

Z'requzncy in cycles Fer sacond 
Zi,Tre 7.- 3ecibal shift of threshold of ht;arizq (mawing in db) in 

presence of noise containing a rile range .>f audible fre- 
sucncitis;num'oers on the curves represent the sound level in db of the 
&king nsi.se.Zor example,for a masking mise af 73 db,the thr?sh.3ld 
fm a.500 cycle note is shifted by 53 db. 
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i Figure 11.- Diminution in the mound insulation of a thick wall ceureb 
‘ay a rum11 tubular opening; a, insulrtioa efficiency of 

the wall without opening: b, with an opening of 1.7 cm diameter and 

. 16 cm length. - 

16 

Safety 6/tws 

Figure l2.- Showing the’ conrtruction 
of a proper window mount- 

ing (0. S. Patent #19991832) t vibra- 
tion damping ie obtained by allowing 
#pace for tha rubber channel to de- 
form under the action of rtretases. 

1 10 20 4660 
Frequency, c p s 

Figure 8.- Response of the individual 
to vibration (888 text). 
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0 100 200 300 400 
Distance from propeller-inches 

Pigure 9.- Variation of noise level eutbiile 
of cabin wall with distance from 

tne plalie of the propeller.Observations male 
at fuselage wall. 

401) 600 boo 1000 1200 
f . p . s . 

122 183 2LL4 303 366 
tTl.p.s. 

Figure lO.- Noise level (in db above 1 millibar; atd 13.E 
3.b to convert to usual reference level) pr3- 

duced by airscrews at various tip spied6. 
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Figure 

7, f9r 

.2 .4 6 . . 8 1.0 
Absorption coefficient 

13.- Variatim of noise reduction with at;- 
sorption coefficient azi tranmissivity 

az i?ualized cabin (see text), 

-. 

_- . . 
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a 
60 

El 362 1450 2voo 
Trequency, c.p.s. 

I?i,qxe 14.- Saud absorption coefficient Df wrappinq 
paper F1ace.i 5 cm fr9m wall; a ,with air- 

space only; b ,airspace fil1e.i with cotton. 

126 i 236 ! 512 1 1024 
l?l 362 725 143 2YOd 

Zrquency, c.p.6. 

Figure 15.- Saud absorption coefficient 9f 3 layers 

layer6. 
of oilcloth with 5 cm airspace between 
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0.8 1.6 2.4 3.2 
Piaight in pour& per square foot 

Pigura 16.- Variation of transmission lass with weight for 
homogeneous panels. 

0 
-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 

Logarithm of weight per sq. ft. 

Figure 17.- Dependence of the transmission loss homogeneous 
panels on the logarithm of weight in lb/sq.ft. 
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60 

0 

--_ 
I -t -- 

- . [ 1 
. I / 

5. 7 / 
- / , -- .,/ - 

, ,!I, 

,lO 
/ 

___-_-- 

/ 4 
5 

,' 3 
/ 

/ I ' 
/ 

/ 

/$ 

I 

J 15 -- 

-- 

50 100 2 346 1000 2 34 6 ----- 1 10000 
ZrEqutncy,c.p.s. 

Fi,g.ze 18.-Transu;ission loss of multiple walls: Curve a: 15 sheet 
ctll2phana wall [f, = 6700 c.P.s.); curves b: 3, 5, 

and 10 sheet roofi--gaFer wall (fc = 800 c.p.s.). 

50 LOO 2 3 4 5 fJ 1000 2 3 4 5 5 loa 
Tr?qrzency,c.p.s. 

Yiare lY.- Transmission loss nf a wall consisting of 3 
layars of plywood with and wit'nout cotton 

arou& tha barders of the wall. 
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e 

c 

t 

10 lU0 loo& lUOO0 
Pregutincy,c.p,s. 

Figures 20.- ji'requency analysis of the nofse within the 
cabin; l-FE200 without treatment, 2-B'HaO 

with troatmr;nt,3-Ju52 wit'! trtiatmtint. 

,* /.$.irst attempt to 63un!lproof 3s *irpl=e 
. . /I ,8eisht of soundproofing ptr passenger 

,I .' ,Yoise level in db. 

t . 

I 

I I I 
401 

1932 lY33 1934 1935 
Pear 

Figure 25.- Prozrcss of soundproofing of aircraft showing the 
r&ction of noise level and reluctian in w&+t 

of acoustical treatment required. Agproximatzly 14 db should 
be adled to noise levals t;, convert to usual r?fere!ict lzv~l. 

i 
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~igare.21.- Analyrir of noira larel and vibration kplitude exirting at variouo positions in 
the plane. Approximtely 14 db rhould be added to noise levelr to convert to 

umal reference 10~01. w 
6 

s 
. 
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8 . 

level8 to convert to-tmual refkence level. 

- .--.._- --.--- - .--- 
I30 

‘20 

110 

loo 

pLAcc 1-1 I- - _- -1-1-i I 
Y) 70 loo 2msoo soo7ooK)o 

FREOMNCY N CYCLES PER SECONO 

3 

J 

Figure,23.- Prequency analyrim of noiee in the pilot's 
comp8rtment of aa alrplane with direct 

driven propeller. 
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12dO 1400 lmo 1800 2000 
Engizle r.p.m. 

Total noise 
I 
- --Aero4ynamic nsise 

- - Engine noise ------Propeller noiso 
Cruising con2itions,altitude- 8000 feet. 

Figure 24.- Relatisn of the various conrponents 
to the btal noise in the cabin of 

an airplane with a three blade geared propeller, 


